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CHAPTER 1 
In tro d u c tio n
1 - 1
1.1 INTRODUCTION
M embrane techno logy  h a s  only  re c e n tly  become of g re a t 
p ra c tic a l im portance to  th e  chem ical an d  pharm aceu tica l th e o rie s  of 
m em brane p ro c e sse s  th a t  a re  w ell-developed . T h is  h a s  come from a 
p ro p e r  u n d e rs ta n d in g  of re la tio n sh ip s  betw een  m olecular an d  ionic flows 
a n d  th e  'fo rc e s ' w hich g e n e ra te  them . T h is  u n d e rs ta n d in g  h as come 
from th e  th e o ry  of i r r e v e r s ib le  p ro c e sse s  c re a te d  b y  O n sag e r and  
developed  b y  P rig o g in e , D eG root, M azur, F it ts  and  many o th e rs ,  as  a 
b ra n c h  of therm odynam ics co n ce rn ed  w ith  sp o n tan eo u s  p ro c e sse s .
O n sag e r show ed th a t ,  close to equ ilib rium , th e re  is a lin e a r  re la tio n sh ip  
betw een  th e  flows an d  app lied  fo rc e s . He also show ed th a t  th ese  
therm odynam ic 'fo rc e s ' in c lu d ed  c o n ce n tra tio n , p re s s u re  an d  e lec trica l 
p o ten tia l g ra d ie n ts , sim ilar to th o se  developed  b y  th e  experim en tal laws 
of F ick , Poiseuille  and  Ohm. I r re v e rs ib le  therm odynam ics, how ever, 
b e s id e s  in c lu d in g  all th e se  as p a r t  of g en era lised  fo rce  on molecules 
( th e  g ra d ie n t of electrochem ical p o ten tia l) also p re d ic te d  th a t  coupling 
betw een  flows was a n a tu ra l  consequence  of th e  th e o ry  an d  th e se  may 
b e  estim ated  b y  an a ly s is  of r e s u l ts  of p ro p e rly  c o n s tru c te d  ex p erim en ts . 
C oupling phenom ena a re  of g re a t im portance in m em brane p ro c e sse s .
F o r exam ple, e lec tro -osm otic  flows of w a te r , w here an e lec trica l force 
(p ro p o rtio n a l to  th e  vo ltag e  g ra d ie n t)  cau ses  w ater to  flow, n o t d ire c tly , 
s ince  i t  h as no e ffec t on w a ter m olecules, b u t  in d ire c tly , b y  i t s  e ffec t 
upon ions in th e  p o re  so lu tio n s .
M easurem ent and  in te rp re ta tio n  of coupling  co effic ien ts  in  
hom o-ionic m em brane sy stem s, p a r tic u la r ly  ion ex ch an g e  (e le c tro ­
d ia ly sis) an d  re v e r s e  osmosis m em branes was p e rfo rm ed  and  adv an ced
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b y  K a tch a lsk y , K edem , S p ieg le r, S c a tc h a rd , M eares an d  P a te rso n . As 
a r e s u l t  of co n sid e rab le  ex p erim en ta l e ffo rt on a few se le c ted  m em branes, 
an o v era ll p ic tu re  of t r a n s p o r t  of ions an d  w ater in su ch  m em branes was 
o b ta in ed .
Such ex p erim en ta l w ork had  to be to  th e  h ig h e s t p o ssib le  
s ta n d a rd s . F o r th e se  w o rk e rs , it re q u ire d  sev e ra l y e a rs  to obtain  
su ffic ien t ex p erim en ta l da ta  fo r ir r e v e rs ib le  therm odynam ics an a ly s is  of 
a s ing le  m em brane. With ex is tin g  m ethods su ch  de ta iled  a ssessm en t of 
new m em branes, how ever u se fu l fo r  p ra c tic a l ap p lica tio n s , could n o t be 
con tem plated  as a ro u tin e  m a tte r.
T he advancem ent of m em brane ap p lica tions in in d u s try  and  
th e  la b o ra to ry  re q u ire s  th a t  su ch  experim en tal t r a n s p o r t  m easurem ents 
b y  ir r e v e rs ib le  therm odynam ics (o r  fo r o th e r  le ss  com plete a sse ssm en ts) 
shou ld  be im proved  an d  sp eed ed  by  new te ch n iq u es  w hich will fac ilita te  
s c re e n in g , b u t  w ithou t in tro d u c in g  s ig n ific an t (o r  any ) lo ss  of p rec is io n .
A t th e  s ta r t  of th is  w ork a major re s e a rc h  program m e was in
h an d  in th is  la b o ra to ry  to model tr a n s p o r t  and  d iffusion  p ro c e sse s ,
u s in g  N etw ork T herm odynam ics an d  also to  dev ise  new m ethods fo r
( 1- 3)
c h a ra c te r is in g  m em branes, u s in g  com puter co n tro lled  ex p erim en ts .
In  p a r t ic u la r ,  two m ethods fo r determ in ing  d iffusion  coeffici-
(2 3)e n ts  an d  se lec tiv ity  co effic ien ts  w ere u n d e r  c o n s id e ra tio n . ’ One of 
th e  major su cc e sse s  of m em brane science an d  techno logy  h as  b een  th e  
developm ent of p e rflu o ro su lp h o n ic  acid  m em branes. F ig . ( 1-1) an d  th e ir  
app lication  to th e  ch lo r-a lk a li industry^^ T hey  ac t as se lec tive
tr a n s p o r te r s  of sodium ion betw een  two h a lv es  of th e  cell, s ep a ra tin g  
b r in e  s a tu ra te d  w ith ch lo rine  g as, from 40% sodium h y d ro x id e  a t 80-90°C-
1-3
T he perfo rm ance of th e se  m em branes is rem ark ab le  b o th  as 
r e g a rd s  th e ir  chem ical s tab ility  an d  th e ir  e ffic ien t exclusion  of coion 
(OH an d  CJ2, ) in v a rio u s  c o n c e n tra te d  so lu tio n s . T hese  m em branes 
a re  now be in g  u se d  fo r  a v a r ie ty  of new p ro c e s s e s , b u t  many q u estio n s  
re g a rd in g  th e ir  t r a n s p o r t  rem ain  u n a n sw e re d . To in v e s tig a te  th ese  
m em branes f u r th e r ,  it  was d ecided  to  in v e s tig a te  th e  tr a n s p o r t  b eh av io u r 
of mixed ionic fo rm s, in  p a r t ic u la r ,  b i-ion ic  sy stem s. T h is  was p a r tly  
to  in v e s tig a te  th e  little  u n d e rs to o d  m echanism s of coupling  betw een  two 
co u n te rio n s  (in  th is  c a se , ca tions) w ithin a c h a rg e d  m em brane. I t  was 
h oped  th a t  th is  coupling  would be  o b se rv ab le  an d  m ight be  com pared 
w ith o th e r  d a ta  on th e  more tra d itio n a l p o ly s ty re n e  su lphonic  acid
m em branes, on w hich m uch w ork h a d  b een  p u b lish e d  from th is
r u  ^ (7,8)la b o ra to ry .
T he c u rre n t in te rp re ta tio n  of s in g le  ion t r a n s p o r t  da ta  on 
th e se  Nafion m em branes su g g e s te d  th a t  th e ir  u n iq u e  p ro p e r tie s  a re  due 
to  an  'is la n d ' o r m ice lle-type  of s t r u c tu r e  fo r th e  c h a rg e d  s ite s , 
co u n te rio n s  an d  w a te r , s e p a ra te d  b y  reg io n s  of h y d ro p h o b ic  u n c h a rg e d  
(o r sp a rse ly  c h a rg e d )  m atrix  polym ers
I t  was of in te r e s t  to see if su ch  an in te rp re ta tio n  was also 
com patible w ith  b i-ion ic  m easurem ents as  a confirm ation of th ese  
s t ru c tu ra l  fe a tu re s . T he p a r t ic u la r  choice of b i-ion ic  sy stem s w as, 
ho w ev er, of g re a t g en era l s ign ificance  as in p ra c tic a l app lica tio n s  most 
m em branes will con tain  sev e ra l c o u n te r io n s . P roposa ls  fo r app lica tions 
of m em branes fo r  new p ro c e sse s  w hich invo lve su ch  cond itions m ight 
b e  in serious e r ro r ,  if no concep tion  of th e  d eg ree  of co un terion  coupling 
is availab le . A lthough  th e  m ethodology fo r c h a ra c te r is in g  homo-ionic
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m em branes is  more dem anding ex p erim en ta lly  an d  le ss  w e ll-defined .
In  th is  r e s e a rc h  th e re fo re , i t  was a seco n d a ry  aim to develop
new m ethods fo r de term in ing  in te r- io n ic  d iffu sion  co effic ien ts  fo r  cation
ex ch an g e  a c ro ss  b i-ion ic  m em brane sy stem s. Two new m ethods w ere
(2 3)d ev ised  fo r  de term in ing  d iffu sion  co effic ien ts  b y  D oran an d  P a te rso n  ’ 
an d  h ad  b een  te s te d  fo r e lec tro ly te  d iffusion  a c ro ss  u n c h a rg e d  m em branes 
as a dem o n stra tio n .
I t  was a major aim in th is  re s e a rc h  to  develop an d  re fin e  
th e se  m ethods to  deal w ith in te r  ionic d iffu sion  a c ro ss  b i-ion ic  m em branes, 
w hich is tech n ica lly  m uch more d iff icu lt. D uring  th is  re s e a rc h , 
com puter co n tro lled  equ ipm ent was d e sig n ed  an d  c o n s tru c te d  to  perform  
th e se  ex p erim en ts  on m ixed ionic form s fo r th e  f i r s t  time (C h a p te rs  7 
and  8 ) .
A sim ilar problem  a rose  w ith th e  m easurem ents of b i-ion ic  
m em brane p o te n tia ls . T he problem  h e re  was to  c o rre c t th e  m easurem ent 
fo r  th e  u n d e s ire d  e ffe c ts  of u n s t i r r e d  la y e rs  of so lu tion  a t b o th  m em brane 
s u r fa c e s . T hese  a re  p a r tic u la r ly  im p o rtan t in  b i-io n ic  sy stem s, w here 
th e re  is  a ra p id  ex ch an g e  of ions betw een so lu tions in th is  w ork.
Once m ore, a com pletely new m em brane ex perim en t was d e sig n ed  and  
te s te d  ( s u c c e s s fu lly ) . T he experim en ta l d a ta  was t r e a te d  u s in g  a 
th e o re tic a l m ethod d ev ised  b y  P ro fe sso r  J.W . Lorim er (U n iv e rs ity  of 
W estern O ntario ) who sp e n t six  m onths of s tu d y  leave  in  th is  la b o ra to ry  
d u rin g  th is  p e rio d  an d  took an ac tiv e  in te r e s t  in th is  p a r t  of th e  w ork.
(A jo in t p a p e r  is  now be in g  p re p a re d ) .  T he m ethods w ere te s te d  in 
a num ber of ex p erim en ts  on sev e ra l m em branes in hom o-ionic form s -  
as b e fo re , b e in g  app lied  to b i-ion ic  sy stem s.
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T he main re s e a rc h  was on m ixed form s of Nafion 125
an d  Nafion 117 p e rflu o ro su lp h o n ic  acid  m em branes. The c o rre c te d  data  
w ere u sed  to  ca lcu la te  th e  two co u n terio n  t r a n s p o r t  n u m b ers  in mixed 
form s : 50% in H an d  50% in fo rm s. T he th eo re tic a l equatio n s  w ere
d e riv e d  u s in g  i r r e v e rs ib le  therm odynam ics.
T he ex p erim en ta l m easurem ents made on Nafion m em branes 
in c lu d e d , e lec trica l co n d u c tiv itie s  an d  w a te r  c o n te n ts  of homo-ionic 
m em branes. F o r b i-ion ic  sy s te m s , m easurem ents in c lu d ed  exchange  
iso th e rm s, w a ter c o n te n ts , e lec trica l co n d u c tiv itie s  of m ixed ionic form s, 
t r a n s p o r t  n u m b ers  of th e  ex ch a n g in g  io n s  and  in te r  ionic d iffusion  
co effic ien ts , u s in g  two new m ethods.
T h ese  d a ta  w ere in te rp re te d  usin g  ir r e v e rs ib le  therm odynam ics 
developed  specifica lly  fo r b i-ion ic  sy stem s . T he re s u l ts  show ed th e  
value  of th e  new com puter co n tro lled  exp erim en ts  an d  th e  in te rp re ta tio n  
of d a ta , a lth o u g h  incom plete, show ed th a t  th e  p e rflu o ro su lp h o n ic  acid  
m em branes a re  u n iq u e  in th e ir  b i-ion ic  p ro p e r tie s . T he da ta  on 
b i-ion ic  p o te n tia ls  was q u ite  un like  th a t  p o ly s ty re n e  su lphonic  acid  o r 
any  o th e r  m em branes, b u t  was e n tire ly  com patible w ith the: micelle or 
'is lan d ' s t r u c tu r e ,  now widely accep ted  from sp e c tra l a n d  d iffrac tio n  
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CHAPTER 2
I r re v e rs ib le  Therm odynam ic D escrip tio n s  
of T ra n s p o r t  P ro p e r tie s  of C h arg ed  M em branes
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2.1  INTRODUCTION
T he t r a n s p o r t  p ro p e r tie s  of c h a rg e d  m em branes a re  in fin ite ly  
v a riab le  since  th e y  d ep en d  upon  th e  com position an d  co n cen tra tio n  of th e  
e lec tro ly te  so lu tions w ith  w hich th e y  a re  in  co n tac t and  upon th e  ty p e , 
m agnitude an d  d irec tio n  of th e  d riv in g  fo rces  se lec ted .
T hey  a re  u sed  to c h a ra c te r is e  a p a r tic u la r  m em brane system  
w ith  a s e r ie s  of ex p erim en ts  perfo rm ed  u n d e r  co n tro lled  co n d itio n s , w hich a re  
su itab le  fo r th e  in te re s te d  ap p lica tio n , w h e th e r i t  is  th eo re tic a l or p ra c tic a l.
B asic m easurem ents su ch  as e lec trica l conductivity^ m em brane 
p o te n tia l, ionic d iffusion  ra te s  an d  sim ilar a re  of obvious p ra c tic a l value 
when a sse ss in g  a m em brane fo r a p a r t ic u la r  p ro c e ss . A fu ll ap p rec ia tio n  
of m em brane p ro c e sse s  how ever re q u ire s  a com prehensive  th e o ry .
The most r ig o ro u s  of th e  th e o rie s  availab le  an d  th e  most u sefu l 
fo r  o u r p u rp o se s  is  ir re v e rs ib le  therm odynam ics.
T he p re s e n t  c h a p te r  sum m arises th e  basic  app lication  of 
i r re v e rs ib le  therm odynam ics to th e  tr a n s p o r t  p ro c e sse s  w hich a re  se lec ted  
in  th is  th e s is .  T he app lication  of th e se  th e o r ie s , a lth o u g h  w e ll-e s tab lish ed , 
is  n o t u n iv e rsa l an d  following th e  therm odynam ic an a ly s is  th e re  is a sh o rt 
d iscu ssio n  on th e  co rre la tio n  of th is  th e o ry  w ith  th e  more commonly 
app lied  (a n d  le ss  p re c ise )  N e rn s t-P la n c k  tre a tm e n t.
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2, 2 T he D issipation  F u n c tio n  an d  Fram e of R eferen ce
F o r sp o n tan eo u s ( ir re v e rs ib le )  p ro c e sse s  th e  r a te  of d issip a tio n  
of fre e  e n e rg y , 0 , can b e  shown to equal th e  sum of p ro d u c ts  of local 
flows an d  'f o r c e s '.  ^ T he  d iss ip a tio n  fu n c tio n , 0 , is  shown below fo r
iso therm al t r a n s p o r t  p ro c e s s e s , in  th e  absen ce  of chem ical re a c tio n , eq n . 
(2 -1 ) .  T he therm odynam ic 'fo rc e ' is  d e fined  h e re  as th e  n eg a tiv e  g ra d ie n t 
of e lectrochem ical p o te n tia l,
0 = E J. g ra d  ( - y .)  ^ 0  ( 2-1)
i= i  ^ ^
*
w here L  is  th e  flow of sp ec ies  i on an a r b i t r a r y  fram e of re fe re n c e , see 
be low .
I t  is  u su a l to  re p re s e n t  th e  therm odynam ic fo rce  on sp ec ies  i 
a s  X ., e q n . ( 2-2)
X  ^ = g ra d  (-y^) ( 2- 2 )
E qn . (2 -1 ) th e re fo re  becom es
P *
E J. X. >/ 0 (2-3)
i= l  ^ ^
I t  is  n e c e s sa ry  to define p ra c tic a l fram es of re fe re n c e  fo r the
flows X of spec ies  i.
If th e  system  u n d e r  s tu d y  is in  a s ta te  of m echanical equilibrium ,
( 1)eq n . (2 -3 ) will ap p ly  fo r any  fram e of re fe re n c e . In  th e  s tu d y  of
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mem brane t r a n s p o r t  p ro c e sse s , flows a re  most co n v en ien tly  m easured  
re la tiv e  to  th e  mem brane itse lf  and  so th is  a p p a ra tu s - f ix e d  fram e of 
re fe re n c e  is d e s ira b le .
In  th e  app lication  of th is  re s e a rc h , th e  m em brane c o n sis ts  of 
a co u n terio n  1 , coion 2 (o r  cou n terio n  2 , in  b i-io n ic  sy stem s w here  coion 
is n e g lig ib le ) , so lv en t 3 an d  m atrix  4, so th a t  eq n . (2-3) becom es
0 = J*X^ + J* Xg + J 3 X 3  + J^X^ >/ 0 ( 2 -4 )
F o r one dim ensional iso therm al iso baric  d iffu sio n , th e  therm o­
dynam ic fo rce  X^, eq n . ( 2- 2) may be  w ritten  as
d y . dy . dij;
'  - a z  " ~ ~ à à  *
w here y^ is th e  co n cen tra tio n  d ep en d en t p a r t  of th e  chemical p o ten tia l, 
is  th e  s ig n ed  v a len cy , F is  th e  F a rad ay  c o n s ta n t, ijj th e  in te rn a l e lec trica l 
p o ten tia l of th e  m em brane p h a se , and  x  th e  d is tan ce  p a ram ete r in cm.
From th e  G ibbs-D uhem  eq u atio n , eq n . (2 -6 ) is  easily  o b ta ined  
an d  so in  a system  w ith p fo rces  only p - 1  fo rces  a re  in d e p e n d e n t.
E n. X. = 0 (2 -6 )
i=l   ^ ^
o r eq u iv a len tly
E c. X. = 0 
i=l   ^ ^
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w here  is  th e  num ber of moles of spec ies  i o r co n cen tra tio n  u n its  c  ^ may 
b e  u se d  b y  co n sid e rin g  a local volume ( e .g .  u n it  of c^ mole L  ^ may be 
em ployed) .
Elim inating ( th e  fo rce on th e  fix ed  c h a rg e ) ,  u s in g  e q n s . 
(2 -5 ) and  (2 -6 ) ,  eq n . (2 -4 ) becom es
Since X is  d e fined  b y  c^ V^^  , w here  is  th e  velocity  of spec ies
* g * * *
i re la tiv e  to any  a r b i t r a r y  fram e of re fe re n c e , th e n  (J . -  i J .) = c .(V .-V .)
1 —— 4 1 1 4
(w here  i = 1 ,2 ,3 ) .  ^
* *
Since ( " ^ 4 ) is  th e  velocity  of sp ec ies  i re la tiv e  to  4, eqn . 
(2 -7) may b e  sim plified to
3
$ = + J^Xg + X j = 2 J.^ X. >, 0 ( 2-8)
i= l
4
w here X a re  th e  flows of spec ies  i ( = l ,2 ,3 ) ,  re la tiv e  to  th e  ch a rg e  4 
fix ed  on th e  p o ly m er.
2 .3  L inear Phenom enological E quations
(3 4)O n sag er show ed ' th a t ,  fo r  system s close to therm odynam ic
equilibrium  an d  in  a s te a d y  s ta te ,  flows an d  fo rces  (a s  d e fined  b y  th e
d issip a tio n  fu n c tio n , e q n . ( 2- 8 ) ) ,  a re  lin ea rly  re la te d  b y  phenom enological
4
e q u a tio n s , w hich may be  w ritten  as e q n . (2 -9 ) . M embrane fixed  flow s, , 
will be  u se d  exclu siv e ly  fo r th e  rem ainder of th is  th e s is , and  so th e
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s u p e r s c r ip t  4 will be  om itted fo r conven ience , in  eq n . (2 -9 ) an d  
su b se q u e n tly : fo r we will now simply w rite
p - 1
^ ik (1=1,2, ............p-1) (2-9)
w here  th e  mobility co effic ien ts , a re  g en era lised  as 'c o n d u c tan ce ' or 
'p erm eab ility ' co effic ien ts . E qn . (2 -9) may b e  re p re s e n te d  in  m atrix  
form (e q n . ( 2- 10))
"l h i ^12 h 3 ^ K p - l ) ^1
^2 ^21 ^22 ^23 ^ 2 (p - l ) %2
h i %32 L 33 h ( p - l ) %3
■^(p-l) h p - i ) i ^ ( p - l ) 2 ^ ( p - l ) 3 ^ ( p - D ( p - l ) ^ (p -1 )
( 2- 10)
T h ere  a re  two so r ts  of m obility co effic ien ts , d ire c t coeffic ien ts  
w hich , via th e  co n trib u tio n  L_X^, of e q n s . (2-9) o r ( 2- 10) ,  define th e  
c o n trib u tio n  of th e  fo rce  X  ^ or i t s  (own) con jugate  flow X .
The o th e r  coeffic ien ts  (i^k) a re  th e  coupling  o r c ro s s ­
co effic ien ts  w hich show th a t  a n o n -co n ju g a te  fo rce  X^ will c o n tr ib u te  to a 
flow X th ro u g h  te rm s of th e  s o r t  L ^ X ^  ( i^ k ) , eq n . ( 2- 10) .
I t  is  c lea r th a t  th e  flow X is  no lo n g e r solely a func tion  of i ts  
co n ju g ate  fo rce  X  ^ as  in th e  laws of F ick an d  Ohm, fo r exam ple.
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(3)A pply ing  th e  p rin c ip le  of m icroscopic re v e rs ib il i ty , O n sag er 
show ed th a t  L -co effic ien t m atrices  a re  sym m etrical fo r cond itions 'close to 
eq u ilib riu m ', an d  so.
Lik = L^. ( i  # k )  ( 2- 11)
T h is  is form ally know n as  th e  O n sag e r R eciprocal R elations (O .R .R .)  . 
T hese  re la tio n sh ip s  re d u c e  th e  num ber of co effic ien ts  re q u ire d  to c h a ra c t­
e rise  a system  w hich con ta in s  p in d e p en d e n t fo rces  from p^  to  .
A pplication  of condition  fo r overa ll p o s itiv e  e n tro p y  p ro d u c tio n  
th e  e q n s . ( 2- 1) an d  ( 2- 10) c au se s  th e  c ro ss -c o e ffic ie n ts  to b e  lim ited b y  
th e  in eq u a litie s
o r u s in g  O .R .R .
T he d ire c t co effic ien ts  m ust be  p o s itiv e  b u t  c ro ss-c o e ffic ie n ts  
can be  e ith e r  p o s itiv e  o r n e g a tiv e , as shown b y  eq n . ( 2- 12) .
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2.4  M obility C oeffic ien ts
( 5)T he m obility coeffic ien t ap p ro ach  h a s  b een  u s e d . Miller , to 
d e sc rib e  t r a n s p o r t  p ro c e sse s  in  b in a ry  so lu tions (so lv e n t-f ix e d  fram e of 
re fe re n c e )  an d  P a te rso n  fo r m e m b r a n e s . ^ I t  is  v e ry  u se fu l when 
ap p lied  to m em branes since i t  p ro d u c e s  re la tiv e ly  simple eq u atio n s  fo r 
o b se rv e d  t r a n s p o r t  p ro p e r tie s  ( e .g .  e lec trica l co n d u c tiv ity  an d  tr a n s p o r t  
num ber) . F o r a system  w ith  th re e  mobile com ponents, p=3, i t  can be  
seen  th a t  six  phenom enological co effic ien ts  a re  re q u ire d  to c h a ra c te r is e  
th e  sy stem , (p (p + D /2 ), as de fin ed  above. T he coeffic ien t m atrix  may 
th e re fo re  b e  so lved  from th e  re s u l ts  of six  in d e p e n d e n t ex p erim en ts . A 
fu ll so lu tion  was n o t a ttem p ted  h e re  fo r any  m em brane.
When iso b aric  an d  iso therm al cond itions a re  o b se rv e d , only 
e lec trica l an d  chem ical p o ten tia l fo rces  may b e  u se d . A th eo re tic a l 
tre a tm e n t of ex p erim en ts  availab le  u s in g  th e se  two fo rces  u n d e r  s tead y  
s ta te  cond itions will now be  co n s id e re d . T he phenom enological equations 
fo r  th is  system  a re  eq n . (2-13)
J f  -  ^ 1 2 ^ 2  ^ ^13^3
^2  ^2 1 ^1  ^22 ^2  ^23^3  (2-13)
*^ 3 "  ^ 31^1 ^ 32^2  ^ 33^3
H ere th e  flows J^ , an d  on th e  m em brane or 4 -fix ed  flows as defined  
p rev io u s ly  in  eq n . ( 2- 8) .
Since we now c o n sid e r only  m em brane fix ed  flow s, th e se  
s u p e r s c r ip ts  will be  om itted fo r co n v en ien ce , as p rev io u s ly  s ta te d .
2 .5  M easured  T ra n s p o r t  P ro p e r tie s  of M em branes in Term s of 
M obility C oeffic ien ts
2 .5 .1  E lec trica l co n d u c tiv ity  an d  .tra n s p o r t  num ber
If  an  e lec trica l fo rce  is app lied  to an iso therm al iso baric  system  
co n ta in ing  io n s , sp ec ies  1 and  2, an d  w a te r , species  3, in  th e  absence  of 
chem ical p o te n tia l g ra d ie n ts , an d  X^ a re  d e term ined  solely b y  e lec trica l 
p o ten tia l g ra d ie n ts  an d  Xg (fo r w ater) is zero . T h e re fo re  from eq n . ( 2-5)
h  = F ( -  i= l ,2  (2-14)
X j  = 0 ( 2 - 15 )
I t  is  u n d e r  th e se  co n d itions th a t  e lec trica l co n d u c tiv ity  an d  t r a n s p o r t  
num ber ex p erim en ts  a re  c a r r ie d  o u t.
T he c u r r e n t  d e n s ity  I (A cm ^) is  de fin ed  b y  eq n . (2 -1 6 ),
I  = ( z j  + zg Jg) F (2-16)
From e q n s . (2-14) an d  (2-15) th e  phenom enological e q n s . (2-13) 
now becom e.
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^2 ~ ^ 2 1 ^ 1  ^ 2 2 ^ 2
■^ 3 ~ ^31 ^ 1  ^ ^32 ^ 2
U sing e q n s . (2-14) an d  (2 -1 7 ), eq n . (2-16) becom es
I = (z^  + 2z^z^ L ^2 ^2 L 22) F ("  ^ )  (2-18)
Since th e  m obility co effic ien ts  a re  c o n s ta n ts  in d e p e n d e n t of th e  
fo rc e , e q n . (2-18) show s th a t  th e  m em brane will obey Ohm's law , u su ally  
w ritte n  in  th e  form
I = K ( -  ^ )  (2-19)
■n2o r K = a  F
w here
a  (z^ ^ 1 1  ■^2z^Z2 L ^2 ^2 ^ 22^
T he t r a n s p o r t  n u m ber of an ion is  defined  fo r  a m em brane in 
th e  same m anner as e lec tro ly te  so lu tio n . T he tr a n s p o r t  num ber of an ion, 
i , in  th e  m em brane t^, is  defin ed  as th e  frac tio n  of to ta l c u r re n t  c a r r ie d  by  
th a t  io n , eq n . ( 2- 2 0 )
_  z. F J.
t .  = — -  i= l , 2  ( 2- 20 )
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For an e x ch a n g e r m em brane con ta in ing  two io n s , 1 an d  2 , i t  
is  easily  shown th a t  t r a n s p o r t  n u m b ers  t^  an d  t^  may be  o b ta in ed , e q n s . 
(2-21) an d  (2-22) u s in g  e q n s . (2 -1 7 ) , (2-18) an d  (2-14) in  eq n . (2 -2 0 ).
t^ = (^j  L j l  ^1^2 ^12^ (2-21)
^2 “ ^^2 ^ 2 2  ^ 1^2 ^ 12^
T he w ater tra n s fe re n c e  n u m b er, t ^ ,  is  de fin ed  b y
J 3F
tg  = (2-23)
From e q n s . (2 -1 7 ) , (2-18) an d  (2 -1 4 ) , we obtain
tg  = (z^  + z ^ L ^ ^ ) l a  (2-24)
T he same eq u atio n s  app ly  equally  to homoionic m em branes in 
w hich 1 is  co u n te r io n , 2 , coion, o r to  b i-ion ic  m em branes (w ith  neg lig ib le  
coion u p ta k e ) in  w hich b o th  ions 1 and  2 a re  c o u n te r io n s . B o th  cond itions 
a re  e n co u n te re d  in  la te r  ex p erim en ts  in  C h ap te r  6 of th is  th e s is .
2 .5 .2  T he d iffusion  p o ten tia l a c ro ss  a m em brane exposed  to ionic 
co n cen tra tio n  g ra d ie n ts
When a chem ical p o ten tia l g ra d ie n t is  s e t up  a c ro ss  th e  m em brane , 
due to  co n cen tra tio n  d iffe re n c e s , i t  cau ses  d iffusion  of io n s , osmotic flow 
and  c re a te s  m em brane p o te n tia l. In  th e  s te a d y  s ta te  s itu a tio n  th e re  is  no 
e lec tric  c u r r e n t .
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I = (z^ + Zg J^) F = 0 (2-25)
In  th is  case  th e  fo rces  ac tin g  on th e  sp ec ies  a re  again  g iven  b y  n eg a tiv e  
g ra d ie n ts  of th e ir  electrochem ical p o te n tia ls , eq n . (2 -5)
d p . d ] i.  , ,
h  = = ( -  d F )  + (2-5)
S u b s titu tin g  in  eq n . (2 -1 3 ), e q n . (2-25) becom es
( Z i L i i  + z ^ L ^ ^ )  + ( z ^ L ^ ^  + z ^ L ^ ^ )  X g  + ( z ^ L ^ g  + ^ 2^ 2 3  ^ ^ 3  ^
(2-26)
C om parison of th e  b ra c k e te d  te rm s w ith e q n s . (2 -2 1 ) , (2-22) an d  (2-24) 
show s th a t  e q n . (2-26) may be  re w r it te n , if th e  O .R .R . a re  obeyed
t ]  _
—  + —  X_ + t_  X_ = 0 (2-27)z 2 1 z 2 2 3 3
T h is  re la tio n sh ip  may b e  u sed  to define th e  e lec trica l p o ten tia l 
g ra d ie n t in th e  m em brane since
Xj = ( -  § )  + Z. F ( -  ^ )  th en
—  ^ 1 — ^2 —  —  —-F  di|; = —  d y ,  + —  dy + t_  dy_ z 2 J- z 2 w J - J
w hich is th e  'H en d erso n ' eq u ation  fo r th e  m em brane p h a se . I t  is  to  be  u sed  
in  o rd e r  th a t  th e  osmotic g ra d ie n t c o n tr ib u te s  to  th e  e lec trica l p o ten tia l 
e x p lic itly .
2 - 1 2
D erivation  of eq u iv a len t e x p re ss io n s  fo r d iffusion  coeffic ien ts  
in te rm s of co effic ien ts  a re  w ell-know n b u t  since th e y  do n o t e n te r  
la te r  d isc u ss io n s , th e y  a re  om itted h e re .
2 . 6  N e rn s t-P la n c k  E quations
Commonly, th e  N e rn s t-P la n c k  eq u a tio n s  a re  u se d  in th e  an a ly sis  
of m em brane t r a n s p o r t .  I t  will be  show n h e re  how th is  app lication  is  
re la te d  to th e  more r ig o ro u s  ir re v e rs ib le  therm odynam ic an a ly sis  (u s in g  
co effic ien ts  ( g iven  above) .
In  a s itu a tio n  w here  a system  d ev ia tes  only  s lig h tly  from 
eq u ilib riu m , lin e a r  phenom enological eq u a tio n s  may b e  w ritten  re la tin g  to 
th e  flow of sp ec ie s , i ,  to all o th e r  fo rces  so th a t  fo r a p - 1  com ponent 
system
p - 1
J. = Z L., X, ( i = l , 2 , 3 . . . . p - l )  (2 -9)
1 k = l ^
T he  te rm s a re  th e  phenom enological coeffic ien ts  an d  a re  
in d e p e n d e n t of th e  fo rc e s . T he coeffic ien ts  m easure  th e  d eg ree  to
w hich a flow of sp ec ie s  i ,  a ffec ted  b y  a fo rces  on spec ies  k ,  if  i# k .
If  th e re  is  no coupling  all L ^ = 0  (i#k) an d  each flow may be 
w ritten  as p ro p o rtio n a l an d  i ts  co n jugate  fo rce  as in  Ohm's law an d  P ick 's  
law .
J. = L.. X. (2-28)
1 11 1
à - l ô
F or an ionic sy stem , th e  electrochem ical fo rce , X^, is  given b y
e q n . (2-5)
^ (2 -5)
1
S u b s titu tin g  in  eq n . (2-28) an d  if a c tiv ity  a  ^ may be  ap p ro x i­
m ated b y  co n cen tra tio n  c« jwe ob ta in  eq n . (2-29) fo r th e  flow of an  ion 
u n d e r  electrochem ical fo rce , if no coupling  e x is ts  w ith  o th e r  species
We may com pare th is  ex p re ss io n  w ith  th e  eq u iv a len t N e rn s t-  
P lanck  e q u a tio n , e q n . (2-30)
J i = ° i  ( - S - )  + Ui ( -  (2-30)
T h is  d e sc r ib e s  th e  to ta l flow as th e  sum of th e  d iffusional flow ( th e  f i r s t  
term  on th e  r ig h t  h an d  side of eq n . (2-30)) and  e lec trica l flow, ( th e  
second  te rm ) , w here  an d  a re  re sp ec tiv e ly  th e  ionic d iffusion  
co effic ien ts  an d  th e  e lec trica l m obility.
If  we com pare co effic ien ts  in  e q n s . (2-29) an d  (2-30) we may 
e x p re s s  an d  in term s of th e  d ire c t m obility coeffic ien t, eq n s . 
(2-31) an d  (2-32)





I t  is  c lea r th e re fo re  th a t  th e  N e rn s t-P la n c k  eq u ations an d  th e  
N e rn s t-E in s te in  re la tio n sh ip  a re  simple exam ples of re d u c e d  ir re v e rs ib le  
therm odynam ic tre a tm e n t in  w hich coupling  is  om itted .
F a ilu re  to u n d e rs ta n d  th a t  th e  N e rn s t-P la n c k  eq u atio n s  a re  
simple approx im ations to  a more complex coupled  sy stem , o ften  causes 
in c o rre c t in te rp re ta t io n . T h is  is p a r tic u la r ly  so fo r ion ex change  
m em branes w here in te rio n ic  coupling  is  la rg e  and  c o u n te r io n -so lv en t 
cau ses  la rg e  e lec tro -osm otic  flow s, u n d e r a simple app lied  e lec trica l fie ld , 
w ith  no co n cen tra tio n  g ra d ie n ts . T he N e rn s t-P la n c k  n eed s  th e  a rb i t r a ry  
assum ption  of convection  e ffe c ts . T he ir r e v e rs ib le  therm odynam ic 
tre a tm e n t how ever reco g n ise s  coupling  betw een  ions an d  w ater m easu red  
b y  th e  coupling  co effic ien ts , an d  ^ 22, ( sibove), so th a t  fo r e lec trica l 
fo rce s  only  a flow of w a te r , Jg , is defined
if  th e  coupling  co effic ien ts  a re  zero .
T h is  phenom ena, e lec tro -osm osis , is  m easu red  b y  th e  t r a n s ­
fe ren ce  n u m b e rs , tg ,  d e fin ed  b y  eq n . (2 -2 4 ).
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CHAPTER 3
P h y sica l P ro p e r tie s  of Nafion 125 an d  117 M embranes 
in D iffe ren t Ionic Form s
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3 .1  INTRODUCTION
I t  is im p o rtan t to  ch a rac te riz e  th e  ion ex change  m em branes 
b e fo re  u s e . Nafion 125 and  117 m em branes (1200 an d  1100 EW re s p e c t­
ive ly  w ere u se d  in d iffe re n t ionic (H ^, L i^, N a \  and  Ca^^) fo rm s. 
T h e ir  p h y s ica l p a ra m e te rs , su ch  as w a ter c o n te n t, in te rn a l m olalities, 
th ic k n e sse s  an d  d iam eters  have  b een  d e term ined  fo r sa lt ch loride  
so lu tions a t 0.05 an d  O.IM.
An in te re s t in g  and  im p o rtan t p ra c tic a l p ro p e r ty  of Nafion 
p erflu o ro su lp h o n ic  acid  m em branes is th e ir  ab ility  to  so rb  re la tiv e ly  
la rg e  am ounts of w a ter an d  o th e r so lv en ts . T he po lym ers ty p ica lly  
so rb  w ater to  10-50% of th e ir  d ry  w eigh t, depend ing  upon polym er 
eq u iv a len t w e ig h t, co u n terio n  form an d  te m p e ra tu re  of eq u ilib ra tio n . 
C o u n te rio n s  w ith la rg e  h y d ra tio n  e n e rg ie s  in c rease  w ater u p ta k e , as 
does low eq u iv a len t w eigh t.
F o r ex ch an g e  d iffusion  (C h a p te rs  7 an d  8 ) an d  b i-ion ic  
p o ten tia l (C h a p te r  6 ) m easurem ents, th e  two ions chosen  w ere and  
K ^, due to  th e ir  la rg e  d iffe ren c es  in m obility.
C o n se q u e n tly , a de ta iled  s tu d y  of m ixed K ^/H ^ form s w ere 
made o v e r a com plete ra n g e  of ionic com positions. In  C h ap te r  4 th e  
se lec tiv ity  co effic ien ts  fo r th e ir  exchange  a re  re p o r te d .
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3 . 2  Solu tions
T he sa lts  w ere of an aly tica l g ra d e , ob ta in ed  from K och-L igh t 
L ab o ra to rie s  o r Hop k in  an d  Williams. Solu tions w ere  p re p a re d  u s in g  
c o n d u c tiv ity  w ater w ithout re c ry s ta llisa tio n  or f u r th e r  p u rif ic a tio n .
Sodium h y d ro x id e  so lu tions w ere p re p a re d  u s in g  s ta n d a rd  
volum etric  c o n c e n tra te d  so lu tions (v ia l) su p p lied  b y  May an d  B ak e r.
T he so lu tions w ere p re p a re d  u n d e r  carb o n  dioxide fre e  co nd itions.
T he vial was d ilu ted  in carb o n  dioxide fre e  d is tilled  w a ter con ta ined  in 
th e  g lass re s e rv o ir  of an autom atic b u re t te .
T he so lu tion  was made while n itro g e n  was be in g  b u b b led  
th ro u g h  th e  w a ter in th e  re s e rv o ir .  T he b u re t te  itse lf  was f lu sh e d  w ith 
n itro g e n  d u rin g  th e  p ro c e ss  and  was p ro te c te d  from su b se q u e n t carb o n  
dioxide u p ta k e  b y  "Sofnolite" g u a rd  tu b e s . Solutions of sodium h y d ro x id e  
p re p a re d  in th is  way w ere s ta n d a rd is e d  b y  titra tio n  ag a in s t w eighed 
sam ples of po tassium  h y d ro g e n  p h th a la te .
T he so lu tion  was p re p a re d  b y  d isso lv ing  a w eighed q u a n tity  of 
An a la r po tassium  h y d ro g e n  p h th a la te  (BDH g r a d e ) . T he in d ica to r u sed  
was p h e n o lp h th a le in .
3 .3  M embrane C ondition ing  P ro cess
D iscs approx im ate ly  4 .2  cm in  diam eter w ere c u t from sh ee ts  of 
ion exch an g e  m em brane, u s in g  a m achined b ra s s  d y e . T hese  d iscs w ere 
cond itioned  (1) b y  a cycle of e q u ilib ra tio n s  w ith , in  tu r n ,  m ethanol; IM 
HCil; d is tilled  w a ter; IM NaOH an d  fin a lly , d is tilled  w a te r . Each t r e a t ­
m ent la s te d  sev e ra l h o u rs .
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T his cycle of tre a tm en t was re p e a te d  a num ber of tim es. The 
m ethanol was u sed  to  rem ove re s id u a l monomer or o th e r  a lcohol-so luble 
m ateria ls  rem ain ing  in th e  m em branes. T he tre a tm e n ts  w ith HC£ and  
NaOH rem oved any  base  o r ac id -so lu b le  im p u ritie s , su ch  as iro n  or o th e r  
h eav y  m etal ions accum ulated  in th e  co u rse  of p re p a ra t io n .
T he cycling  p ro c e ss  was co n tin u ed  fo r sev e ra l tre a tm e n ts .
T he w eigh ts of leach ed  (p o tassiu m , sodium , lith ium , calcium an d  h y d ro g en ) 
form s of th e  m em brane w ere d e term ined , as d e sc rib e d  below . T he d iscs 
w ere e q u ilib ra te d  in each  (p o tassiu m , sodium , lith ium , calcium and  
h y d ro g e n  ch lo rid es) fo r sev e ra l d ay s  w ith re p e a te d  ch an g es  of solution 
to  e n su re  th a t  th e y  w ere com pletely c o n v e rted  to  th e  re q u ire d  ionic form ,
i . e .  only  th e  chosen  cou n terio n  would be  p re s e n t  "associa ted" w ith th e  
su lp h o n a te  fix ed  s i te s .  T he m em branes w ere w ashed w ith d is tilled  w ater 
fo r sev e ra l h o u rs  to  leach  ou t any  so rb e d  e lec tro ly te .
F o r su cceed in g  ex p erim en ts , th e  m em branes w ere e q u ilib ra te d  
in ch lo ride  so lu tions of p a r tic u la r  c o n ce n tra tio n s . The equ ilib ra tio n  
so lu tions w ere f re q u e n tly  ch an g ed .
3 .4  Wet W eights
A k in e tic  m ethod of w eighing was u sed  to  determ ine th e  wet 
w eigh ts  of each  m em brane a f te r  eq u ilib ra tio n  w ith w ater o r p o tassium , 
sodium , lith ium , calcium an d  h y d ro g e n  ch loride  so lu tio n s .
T he m em brane was rem oved from th e  solution w ith which it had  
e q u ilib ra te d  an d  its  su rfa ce  b lo tte d  betw een  two p ad s  of h a rd e n e d  f ilte r  
p a p e r . T he m em brane was tak en  from th e  f il te r  p ad s  an d  th e  stopw atch
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s ta r te d .  I t  was qu ick ly  p laced  on a w eighed  w atch  g la ss . T he com bined 
w eigh t of w atch g lass  an d  m em brane was th en  n o ted  e v e ry  fif teen  seconds 
fo r  th e  n e x t two m inu tes . The to ta l time tak en  fo r th is  p ro c e d u re  was 
app rox im ate ly  two an d  a half m inu tes . W eights w ere p lo tte d  a g a in s t 
time and  e x tra p o la ted  b ack  to  zero time to estim ate th e  t ru e  wet w eight 
of th e  m em brane. A w eight loss of abou t 1 mg e v e ry  fif teen  seconds 
was ty p ic a l. T h is  p ro c e d u re  was c a r r ie d  o u t sev e ra l tim es fo r each 
m em brane in eq u ilib ra tin g  so lu tion . T he wet w eigh t th u s  o b ta in ed  was 
re p ro d u c ib le  to  ± 0 . 1%.
T his  p ro c e d u re  was c a r r ie d  ou t fo r each m em brane of th e  
re q u ire d  (p o tassiu m , sodium , lith ium , calcium and  h y d ro g e n  ch loride) 
c o n c e n tra tio n s . T he  com plete p ro c e ss  was th e n  re p e a te d  a f te r  cycling  in 
v a rio u s  ionic form s (p o tassium , sodium , lith ium , calcium an d  h y d ro g en ) 
to  de term ine  if any  w eight change  h ad  o c c u rre d  d u rin g  th e  cycle .
No su ch  ch an g es  w ere o b se rv ed .
3 .5  D ry W eights
T he leach ed  m em brane in potassium  form was p laced  in a 
w eighing b o ttle  in s id e  a d esicca to r con tain ing  p h o sp h o ro u s  p en tao x id e .
T he d e sicca to r was th en  ev acu a ted  u s in g  a w ater pum p. I t  was th en  
p laced  in an oven a t 80°C fo r sev era l d a y s .
T he  m em branes w ere th e n  w eighed to determ ine th e ir  d ry  w eight, 
T h is  p ro c e ss  was re p e a te d  u n til a c o n s ta n t w eigh t was o b ta in ed . A t no 
time in th e  cou rse  of su b se q u e n t ex p erim en ts  was any  of th e  m em branes 
allowed to  d ry  ag a in . T he d ry  w eigh ts  ob ta in ed  w ere rep ro d u c ib le  to ± 
0.3%.
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3.6  P hysica l D im ensions
3 .6 .1  D iam eter
T he mem brane was rem oved from its  eq u ilib ra tin g  so lution and  
p laced , s till w et, betw een two op tically  fla t g lass  p la te s . I t  was th en  
u n d e r  lOX-A len s  of Nikon Profile  P ro jec to r (Model 6C) and  i ts  d iam eter 
m easu red  u sin g  th e  m icrom eter s tag e  of th is  m icroscope. T he av e rag e  of 
s ix  determ inations was tak en  as th e  d iam eter.
3 .6 .2  T h ick n ess
T he m em brane th ic k n e ss  was m easu red  u sin g  a m icrom eter 
a c c u ra te  to  ± 0.01 mm. T he m em brane was clam ped betw een  two micro­
scope co v er p la te s , th e  th ic k n e ss  of which was know n. T he th ic k n e ss  of 
g lass  p la te s  p lu s  mem brane was th e n  m easu red . T he av e rag e  d iffe re n c e s  
of te n  su ch  determ ina tions was tak en  as a th ic k n e ss  of th e  m em brane and  
w ere re p ro d u c ib le  to  ± 0 . 1%.
3 .6 .3  M embrane volume
Two m ethods w ere u se d  to determ ine th e  volume of th e  m em brane; 
T he d ire c t m ethod, b y  u s in g  specific  g ra v ity  b o ttle s . T he ion exchange  
was e q u ilib ra te d  w ith th e  so lu tion  of in te re s t .  The specific  g ra v ity  b o ttle  
was filled  w ith so lution and  p u t in  a w ater b a th  m aintained a t 25 ± 0.01°C . 
A fte r  therm al equilibrium  was a tta in ed  th e  b o ttle  was w eighed (a f te r  c a re ­
fu l d ry in g  of i ts  s u r f a c e ) . The p ro c e ss  was re p e a te d  w ith th e  te s t  
m em brane p laced  in th e  b o ttle  an d  th e  b o ttle  p lu s  so lution p lu s  mem brane 
w eighed as b e fo re . T he volume of th e  m em brane was found  from th e
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ch an g e  in w eight betw een  th e  two system s (Wg ~ W^) and  th e  p rev io u s ly
d e term ined  w eigh t of th e  wet m em brane, W .m
W- = w + w + w,
2 m s b
W T = W + W,
1 s b
w here
AW = W,, -  W, = W + W' -  W°2 1 m s s
The w eight of solution w hich is equal to  th e  volume of th e  m em brane is 
g iven  b y
AW -  W = W' -  W m s s
T h e re fo re  th e  volume of th e  mem brane is o b ta in ed
W' -  W 
V = 1m d
w here
Wm -  w t. of th e  membrane (gm)
W  ^ = w t. of th e  solution in .th e  p re se n c e  of a m em brane (gm)
W  ^ = w t. of th e  b o ttle  (gm)
W° = w t. of th e  so lution in th e  absen ce  of a m em brane (gm)s
3
d = d en sity  of th e  solution (gm /cm  )
In  th e  o th e r m ethod th e  m em brane volume was de term ined  from 
th e  ra d iu s  and  th e  th ic k n e ss  of th e  membrane by  u sin g  7ir^£ . T his 
m ethod was n o t a cc u ra te  b ecau se  a lth o u g h  th e  o rig inal disc of d ry  membrane
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was c irc u la r , in swelling th e  c irc u la r  shape  was d is to r te d  tow ards 
e llip tica l in most c a se s , in d ica tin g  some an iso tro p y  in th e  sh ee t m em brane, 
as re c e iv e d , and  is no doub t due to th e  tech n iq u es  of m an u fac tu re .
3. 7 C apacity  D eterm ination
T he ion exchange capacity  of m em branes was determ ined  b y  
f i r s t  co n v ertin g  them  com pletely to  th e  H-form  b y  su ccess iv e  eq u ilib ra tio n s  
w ith h y d ro ch lo ric  acid  ( IM) . T hey  w ere th e n  rem oved from th e  acid  and  
r in s e d  th o ro u g h ly  w ith d is tilled  w ater to rem ove th e  so rb e d  e lec tro ly te . 
A fte r  b lo ttin g  betw een  f il te r  p a p e rs , th e  m em brane was eq u ilib ra te d  with 
25 ml of IM sodium ch loride fo r sev e ra l h o u rs . The following exchange
H* + Na"  ^ ^  Na"*" +
ta k e s  p lace . T he sodium ions in solution a re  ex ch an g ed  fo r h y d ro g en
ions of th e  m em brane. The re leased  was t i t r a te d  w ith s ta n d a rd  sodium
h y d ro x id e  so lu tion . T h is p ro c e d u re  was re p e a te d  u n til > 99.9% of was
rem oved and  so exchange  was in e ffec t com plete.
The com bined equ ilib ra tio n  so lu tions w ere th e n  t i t r a te d  w ith
sodium h y d ro x id e  and  a g lass e lec trode  assem bly . An O rion D igital pH/mV
+
m ete r, model 80lA was .used . The am ount of H re le a se d  b y  th e  membrane 
is  sto ich iom etrically  eq u iv a len t to  th e  am ount of NaOH ad d ed  a t th e  end  
p o in t. T he end  po in t of th e  t itra tio n  was ca lcu la ted  from pH d a ta  u s in g  
a lin e a r  t i tra tio n  p lo t m ethod b a se d  upon th e  G ran p lo t m ethod.
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3.8  RESULTS AND DISCUSSION
The ion exchange cap ac ity , w a ter c o n te n t, in te rn a l molalities
an d  w ater exchange  s ite s  mole ra tio  fo r Nafion 125 an d  117 (1200 and
1100 EW) a re  lis te d  in T ables (3-1) an d  (3-2) a t two d if fe re n t e x te rn a l
so lu tion  co n cen tra tio n s  (0 .05  and  O.IM) of K^, N a^, L i^, an d  Ca^^
ch lo rid e s . The p h y sica l p ro p e r tie s  of Nafion 125 m em brane in mixed
K ^/H ^ w ere g iven  in Table (3 -3 ) . T hese a re  a major topic of much
d iscu ssio n  in th e  following c h a p te rs .
A s tr ik in g  fe a tu re  of T ables (3-1) an d  (3-2) is  th e  m assive
drop  in w ater co n ten t w hen th e  co u n terio n  is ch an g ed  from h y d ro g en  to
po tassium . T his would be  ex p ec ted  on th e  b a sis  of d iffe re n t h y d ra tio n
ionic size of th e  co u n te r ions.
With in c reas in g  coun terion  w eigh t, th e  re la tiv e  w ater molecules
num ber p e r  ex change  s ite  (n ^  O^^SO—^ d e c rea se . T ab les (3-1) and  (3-2)
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while th e  num ber of sulphonic g ro u p s  ( -3 0 ^ )  in c re a s e s . T he w a ter- 
f ix ed  c h a rg ed  s ite  mole ra tio  re f le c ts  th e  dynamic c h a ra c te r  of ion c lu s te r  
m orphology com pared to c ro ss - lin k e d  ion exch an g e  (2) (see  C h ap te r  4, 
T able ( 4 - 3 ) ) .
As th e  e x te rn a l solution co n cen tra tio n  in c re a se d  from 0.05 to
O.IM, th e  wet w eigh t, w ater co n ten t an d  th e  th ic k n e ss  d e c rea se d , while
co-ion u p ta k e  in c re a se d  as m ight be  ex p ec ted  from g en era l th e o ry .
Nafion 125 m em branes eq u ilib ra te d  in com parable c o n cen tra tio n s  of N aC£,
- 2
th e  co n cen tra tio n  (m) of u p ta k e  in c rease  (3) from 1.5 x  10 to  3 .2  x 
10” 2 .
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T ab les  (3 -1 ) an d  (3 -2)
P h y sica l c h a ra c te r is t ic s  of Nafion m em branes a t d iffe re n t 
e x te rn a l so lu tions -  co n cen tra tio n  in  v a r ie ty  of homoionic forms,
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Table ( 3 - 3 ) . P h y sica l p ro p e r tie s  of Nafion 125 m em brane in m ixed 
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CHAPTER 4
S e lec tiv ity  C oeffic ien ts of P erflu o ro su lp h o n ic  A cid 
M em branes (N afion) in Mixed K ^ /H ^  Form s
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4 .1  INTRODUCTION
Ion e x ch a n g e rs  can d is tin g u ish  betw een d iffe re n t c o u n te r io n s . 
When c o u n te rio n s  a re  ex ch an g ed , th e  ion ex ch an g e r u su a lly  ta k e s  up 
c e r ta in  co u n te r io n s  in  p re fe re n c e  to  o th e rs . T h is  se lec tiv ity  a rise s  
from one of sev e ra l p h y sica l c a u se s . I t  d ep en d s  upon th e  co u n terio n  
c h a rg e  w hich , v ia th e  D onnan p o te n tia l, cau ses  ions of h ig h e r  c h a rg e  to 
be  se le c ted . Within a specific  g roup  of ions w ith equal c h a rg e , specific  
in te ra c tio n  betw een  co u n terio n s  an d  th e  fix ed  ionic g ro u p s  re su lts  in 
p re fe re n c e .
In  th e se  s tu d ie s  K ^/H ^ se lec tiv ity  is exam ined. T hese  ions 
w ere chosen  p a r tly  b ecause  th ey  a re  ions which have  v a s tly  d iffe rin g  
sw elling ten d en c ie s  in th e  ex ch an g e r an d  p a r tly  b ecau se  th e y  a re  ideally  
su ite d  fo r  te s t s  of new d iffusion  tech n iq u es  due to  th e ir  la rg e  d iffe ren ces  
in  ionic m obility . T h is was p a r tic u la r ly  u se fu l fo r te s ts  of th e  oscilla­
to ry  m ethod (C h a p te r  8 ) w here  th e se  two ions w ere ex ch an g ed  ac ro ss  
th e  m em brane. T he d eg ree  of exchange  was th en  m easurab le  in te rm s 
of c o n d u c tiv ity  in  th e  c losed  co llecting  v e sse l, (C h a p te r  7 ),
T he s tu d y  of se lec tiv ity  of p e rf lu o r in a te d  ionom er m em branes 
(N afion) p ro v id e d  th e  n e c e s sa ry  basic  inform ation w hich was n e c e ssa ry  
to  ev a lu a te  d iffusion  co effic ien t, flux  and  e lec trica l co n d u c tiv ity  and  
d ep en d  upon m em brane com position.
I t  was in te re s t in g  in th is  re s p e c t to  make a com parison 
betw een  Nafion an d  conven tional c ro s s - l in k e d  Dowex 50 ( 1) m em branes 
in te rm s of se lec tiv ity  coeffic ien ts  an d  w ater c o n ten t.
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4 . 2  M embrane Iso th e rm -S e lec tiv ity  C oeffic ien t
Ion ex ch an g e  eq u ilib ria  a re  c h a rac te riz ed  b y  th e  ion exchange  
iso th e rm . T h is  iso therm  is a g rap h ica l re p re se n ta tio n  w hich, in  p r in c ip le , 
c o v e rs  all p o ssib le  experim en tal cond itions a t a given te m p e ra tu re . In  a 
simple ion exch an g e  p ro c e ss  invo lv ing  two c o u n te r io n s , i t  is  a p lo t of th e  
ionic fra c tio n s  of th e  ex ch an g ed  ions in th e  re s in  o r membrane as a 
fu n c tio n  of th e  co rre sp o n d in g  solution com position. T he ir r a te s  define 
th e  se le c tiv ity  coeffic ien t.
When a cation exchange  mem brane is  p laced  in a solution con ta in ­
ing  a m ix tu re  of e le c tro ly te , in  th is  c a se , po tassium  ch lo ride  an d  h y d ro ­
ch loric  a c id , an  equilibrium  is qu ick ly  se t up  a t th e  so lu tion  m em brane 
in te rfa c e  so th a t
K"" + h "" ç = = è  H"" + k "" (4-1)
*
(T h e  e x c h a n g e r is assum ed to exclude  coion (ch lo rid e ) com pletely.
T he position  of th is  equilb rium  defines th e  se lec tiv ity  of th e  
ex ch a n g e r fo r one cation  o v e r th e  o th e r . The se lec tiv ity  coeffic ien t KH
is u su a lly  as g iven  in  e q n . (4 -2)
= I ■ %
w here  Cy an d  c ^ , th e  so lu tion  m olarities and  , X^. re p re s e n t  th e  
eq u iv a len t ionic frac tio n  of th e se  ions in th e  m em brane p h ase  an d  fj^, f^  
th e  s in g le -io n  a c tiv ity  coeffic ien ts  in so lu tion . T hese  la t te r  app rox im at-
*
Footnote: With external electrolyte concentrations of HC£ + KC&
0.05m , (as here) the uptake of chloride is «  0.5% of the ionic 
composition in the membrane phase.
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ely cancel fo r  u n iv a len t ion exchange  in  d ilu te  so lu tion .
If  th e  m em brane p h ase  molar ac tiv ity  coeffic ien ts  f ^  and  f „Ü rl
a re  d e fin ed  in th e  same m anner as th e  solution molar a c tiv ity  co effic ien ts ,
th a t  is ,  if  th e  same s ta n d a rd  s ta te s  a re  u sed  fo r th e  m em brane and
Kso lu tio n , th e n  th e  therm odynam ic equilibrium  c o n stan t is
d e fin ed  as u n ity .
( th )
^  ~  ^ . r  - 1 = (4-3)
Xfj =K f n  ^  ( th )
T h u s  th e  se lec tiv ity  co effic ien t, is  th e  in v e rse  of th e  ra tio
of m em brane p h ase  a c tiv ity  coeffic ien ts ,
KS elec tiv ity  co effic ien ts , K y a re  no t c o n sta n t in g e n e ra l, b u t  
ch an g e  w ith m em brane o r re s in  com position. T h is  v a ria tio n  of se lec t­
iv ity  w ith com position has been  th e  su b jec t of much d iscu ssio n  and  th e  
m atte r will b e  ra is e d  again  a t th e  end  of th is  c h a p te r .
F o r d iffusion  s tu d ie s , how ever, it is  e ssen tia l to know th e  
com position of th e  m em brane p h ase  in co n tac t w ith each so lu tion . In  
la te r  s tu d ie s  cond itions w ere chosen  (from  th e se  m easurem ents) su ch  
th a t  th e  m em brane p h ase  was 50% loaded w ith each . X y = X ^ = 0 ,5 , 
so th a t  th e  co n cen tra tio n  e ffe c ts  on flu x es  w ere, as n e a r as p o ssib le , 
eq u a l, a n d  th e  m easurem ents p ro v id ed  inform ation on th e  re la tiv e  
m obilities of th e  two io n s .
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4 .3  EXPERIMENTAL
Each disc in K o r H -form  was u su a lly  eq u ilib ra te d  w ith 10 ml 
of a m ixed HC£ + KC£ solution of to ta l com position 0.05M a t 25°C, 
P rev io u s  s tu d ie s  show ed th a t ,  u n d e r  su ch  co n d itio n s , th e  u p ta k e  of 
ch lo ride  (coion) was neg lig ib le  (< 1%). A fte r equ ilibrium  (som etim es 
ta k in g  sev e ra l d ay s  b u t  a t le a s t 24 h o u rs  in th e  most fav o u rab le  case 
K ex ch an g e  on to  H -form ) th e  eq u ilib ra te d  disc was rem oved from 
so lu tio n . A d h e ren t so lu tion  was w ashed from th e  disc w hich was se t 
asid e  fo r  an a ly s is  if n e ed e d . T he change  in com position of th e  
e q u ilib ra te d  so lu tion  was de term ined  b y  titra tio n  of H^ io n s . In  
se lec ted  cases  th e  po tassium  ion was m easured  also . In  all cases  th e  
to ta l ionic s t r e n g th  of th e  solution was m easured  a t O.OSM,
T he disc o r m em brane com position was also determ ined  b y  
co n v ersio n  to  th e  K -form  an d  titra tio n  of th e  re le ase d  H^ ion . In  all 
cases  mass balance  was confirm ed .
T he ion exch an g e  mem brane iso therm s can  be  determ ined  from 
a se r ie s  of equ ilib rium  m easurem ents w ith so lu tions of d iffe re n t 
com positions. co v erin g  th e  whole ra n g e  of ionic loading from 0 to 1 .
The te s t  of equ ilibrium  was to ap p ro ach  th e  same equilibrium  cond itions 
from b o th  s id e s , i . e . ,  b y  u sin g  m em branes in itia lly  in  th e  H-form  an d  
th e n  re p e a tin g  w ith a sim ilar se t of ex p erim en ts , b u t  s ta r t in g  w ith th e  
K -fo rm .
C o n sid er th a t  we b eg an  w ith th e  mem brane disc in K -form . 
T he ionic com position of th e  m em branes an d  th e  se lec tiv ity  coeffic ien ts 
can be  d e term ined  as follows :
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To determ ine th e  ionic com position in th e  so lu tion , suppose  
th a t  th e  e q u ilib ra tin g  (m ixed solution of HC5, + KC£i to ta l co n cen tra tio n
0.05M) h a s  a volum e, V cm^, a co n cen tra tio n  an d  ( th e  in itia l 
c o n cen tra tio n  of KC£ an d  HC£ in  mixed so lu tion) mmoles/cm .
T he co n cen tra tio n  of HC£ a f te r  equilibrium  is
MTCH V
w here  M = th e  m olarity  of sodium hydro x id e ,M
3
T = th e  volume of th e  t i t r e ,  cm
3
V = th e  to ta l volume of th e  so lu tion , cm . 
T he  co n cen tra tio n  of ion is g iven  b y
T h e re fo re , th e  ionic frac tio n  of an d  ions in so lu tion  a f te r
equ ilib rium  a re :
w here  C° + CP = 0.05M.
K H
The ionic com positions in  th e  ex ch an g e r m em brane w ere 
d e term ined  as follows:
T he num ber of mmoles of po tassium , K in th e  d isc is equal to 
th e  cap ac ity  of th e  d isc , X mmoles, while in th e  so lu tion , cP|  ^ became 
c ^  an d  a f te r  equ ilib rium  gain in potassium  ion K b y  th e  solution is 
equal to  ( ^ ^  ) V mmoles w hich is eq u iv a len t to lo ss  of by  th e
so lu tio n .
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T h e re fo re , th e  ionic frac tio n  of K an d  H in th e  ex ch an g e r 
a re  equal to
a n d
X
X “ ( c  j ^  -  c ^ ) V
k
(C r  -  C°)V
H
T he se le c tiv ity  co effic ien t.
4 .4  RESULTS AND DISCUSSION
P o tass iu m -h y d ro g en  exch an g e  on Nafion 125 an d  N afion 117
p e rflu o ro su lp h o n ic  acid  m em branes ( 1200 and  1100 EW re sp ec tiv e ly ) a re
c h a ra c te r iz e d  b y  th e  ion exch an g e  iso th e rm s. F ig s . ( 4 - l a ,b ) .  A lte r-
Kn a tiv e ly  th e  se le c tiv ity  co effic ien t, K y can be  u sed  fo r d e sc rib in g  th e se  
ion ex ch an g e  e q u ilib r ia , e q n . (4 -1 ) , an d  d e fined  b y  e q n . (4 -2 ) . 
S e lec tiv ity  co effic ien ts  of Nafion 125 and  Nafion 117 fo r  p o tassium - 
h y d ro g e n  ion ex ch an g e  a re  shown as a fu nc tion  of eq u iv a len t frac tio n  of
K ion in so lu tion  of (HCil + KCil) of 0.05M in F ig . (4 -2 ) .
■K 
HT he is g re a te r  th a n  u n ity  fo r  all com positions, so th a t  fo r
all co n d itio n s , th e  ion is se lec ted  o v er th e  H^ ion . T h is  is  also 
c lea rly  seen  in F ig s . ( 4 - l a ,b ) ,  w here th e  iso therm s a re  convex tow ards 
th e  Xj^ a x is , in d ica tin g  th a t  th e  m em branes a re  alw ays r ic h e r  in
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po tassium  th a n  th e  e q u ilib ra tin g  so lu tion . Exam ination of se lec tiv ity  
co e ffic ien ts . T ab les (4 -1  an d  4-2) an d  F ig . (4 -2) show , how ever, th a t  
th e  se le c tiv ity  coeffic ien t is n o t c o n sta n t b u t  v a r ie s  w ith loading and  
is  h ig h e r  fo r  Nafion 125 (1200 EW) th a n  fo r Nafion 117 (1100 EW). In  
common w ith alm ost all o th e r  system s in th e  l i te ra tu re  ( 1 , 2 ) th e  p re fe r re d  
ion (h e re  K^) is more se lec tiv e  when th e  ex ch an g e r is la rg e ly  in th e  
H -form , i . e . ,  a t low loading of in th e  mem brane p h a se .
T he ex p lan a tio n s  given fo r su ch  (common) se lec tiv itie s  in th e  
l i te ra tu re  a re  m any an d  v a rie d  (2 ,3 ) .  A common one is th a t  th e  r e s in /  
m em brane h a s  su lphon ic  acid  g ro u p s  w ith a la rg e  ra n g e  of in tr in s ic  
se le c tiv itie s , d ep en d e n t upon th e ir  locations w ithin th e  am orphous 
polym eric sk ele ton  of th e  m em brane. F or th is  reaso n  it is su p p o sed  
th a t  th e  f i r s t  s ite s  to  be  loaded  b y  th e  ion a re  th e  most p r e fe r r e d .
T he o v era ll se lec tiv ity  coeffic ien t would th e n  be  ex p ec ted  to fall as 
th e se  s ite s  w ere occupied  b y  ion and  th e  loading of th is  ion was 
in c re a se d .
T he co ncep t of s ite s  w ith  v a riab le  se lec tiv ity  may n o t app ly  
h e re . In  some ionomer m em branes, su ch  as D u p o n t's  N afion, th e  
m em brane fix ed  c h a rg e  is  n o t random ly d is tr ib u te d , b u t  o ccu rs  in 
c lu s te rs  (4 -9 ) . T h u s , th e  mem brane so lu tion  is p h a s e -s e p a ra te d , w ith 
ion c lu s te r s  ac tin g  as in v e r te d  micelles in  a polym er so lv en t (in  which 
th e  acid  g ro u p s  line  th e  w a ter-p o ly m er in te rfa c e  sh ie ld ing  th e  e x te r io r  
flu o ro ca rb o n s  from th e  in te r la y  aqueous p h ase  ( 10) ) .
I t  is  n o t im m ediately obvious how su ch  s t ru c tu re s  m ight 
e ffe c t s e le c tiv ity , b u t  an  in te re s t in g  p a ra lle l from w ork on se lec tiv itie s  
of liq u id  ion e x c h a n g e rs , ( 1 1 ) ,  s u g g e s ts  th a t  th e  se lec tiv ity  p a t te rn s
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o b se rv e d  h e re . F ig . (4-2) (an d  q u ite  commonly e lsew here  (2 )) may be  
due to  micelle fo rm ation .
ti
H ogfeld t e^ a l . ,  (11 ,12 ,13 ) u sin g  d in o n y ln ap h th a len e  su lphonic 
acid  g ro u p s  w hich a re  v e ry  sim ilar to those  in s tro n g  acid  p o ly s ty re n e  
cation  e x ch a n g e rs  like  Dowex 50. T he s tu d y  of th is  liq u id  membrane 
system  is of in te re s t  b ecau se  i t  p e rm its  a com parison of solid an d  liqu id  
e x c h a n g e rs . In  many cases  th e  ag g reg a tio n  in th e  la t te r  is su p p o sed  
to  be  e x ten s iv e  enough  fo r micelles to  be  form ed ( 12) .
Such  s tu d ie s  of flu id  system s w ith no p re d e te rm in ed  s tru c tu re s  
show q u a lita tiv e ly  th e  same se lec tiv ity  v a ria tio n s  as h e re  w ith Nafion
-f +fo r K /H e x ch an g e . I t  is th e re fo re  reaso n ab le  to  co n sid e r th a t  th e  
micelle form ation in  th e  Nafion mem brane is sim ilar to  th a t  in la rg e  
liq u id  ion e x c h a n g e rs  ( 12). T he cau ses  fo r th e se  se lec tiv ity  coeffici­
e n t v a ria tio n s  fo r su lp h o n a te  ion ex change  re s in s  have been  in v e s tig a te d  
b y  sev e ra l w o rk e rs . As n o ted  above i t  is  gen era lly  concluded  th a t  
th e  cause  is  n o n -u n ifo rm ity  of exchange  s ite  en v iro n m en ts . T h is non ­
u n ifo rm ity  is a t t r ib u te d  to local exch an g e  s ite  co n cen tra tio n  in th e  re s in .
To u n d e rs ta n d  th e  cau ses  of th e  se lec tiv ity  p ro p e r tie s  of 
N afion, it  is  u se fu l to  com pare (2) th e  iso therm s of th o se  conven tional 
c ro s s - l in k e d  ion e x c h a n g e rs  con tain ing  su lp honate  g ro u p s  (3 ) .  T h e re  
is  a much g re a te r  depen d en ce  of se lec tiv ity  coeffic ien t on ionic frac tio n  
of m etal ion fo r th e se  system s com pared to N afion. T he se lec tiv ity
co effic ien ts  (m etal io n /h y d ro g e n  ion) in Dowex 50 ch ange  from 1.61
+ + + fo r  Na to  3.06 fo r K an d  3.17 fo r Cs . In  com parison w ith Nafion
( 2 ) ,  th e se  co effic ien ts  a re  sp re a d  o v e r a m uch w ider ra n g e  (Na* 1 . 2 2 ,
K* 3,97 an d  Cs* 9.11) . T his is th e  most in te re s t in g  fe a tu re  about
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th e  se le c tiv ity  co effic ien ts  fo r th e  a lkali metal ions in Nafion com pared to 
conven tional su lp h o n a te  r e s in s .  In  p a r t ic u la r ,  th e  re la tiv e  ch ange  in 
se le c tiv ity  from potassium  ion to  caesium  ion is  much g re a te r  th an  for 
Dowex 50 re s in s  of 4, 8 o r 16% c ro ss -lin k in g  (3 ) .  T he w ater co n ten t 
(mol H 2O / mol SO g ) as a fu n c tio n  of co u n terio n  form is h s te d  in 
T ab le  (4-3) fo r Nafion an d  Dowex 50. T hese  va lues in d ica te  th a t  th e re  
a re  s ig n ific an tly  la rg e r  ch an g es  in w ater co n ten t fo r exchange  of alkali 
m etal ions in Nafion (d e c rea s in g  from 14.3 fo r Li* to 6 . 6  fo r Cs*) th an  
fo r Dowex 50 (d e c re a s in g  from 11.1 fo r Li* to 8 . 8  fo r C s* ). T hese  
d iffe ren c es  betw een  th e  conventional re s in s  and  Nafion a re  due to th e  
le s s e r  h y d ra tio n  fo r K* an d  C s* in Nafion w hich cau ses  a s tro n g e r  
in te ra c tio n  of th e  cation w ith th e  su lphonic  g ro u p . From in f r a - re d  
m easurem ents made on Nafion b y  Lowry and  M auritz ( 14) i t  may be 
d ed u ced  th a t  in th e  case of Cs o r even  Rb , o u te r  o r even  in n e r  sp h e re  
com plexes a re  form ed w ith  su lphonic  g roup  even  in th e  h y d ra te d  
m em brane, while in  th e  case of Na* o r K*, com pletely d isso c ia ted  
h y d ra te d  ion p a irs  a re  form ed (d u e  to  th e ir  much la rg e r  h y d ra tio n  
s h e l l ) .
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T ab les (4 -1) an d  (4 -2)
T he se le c tiv ity  coeffic ien t (K y) and  ionic frac tio n  of th e  two 
com peting ions of H* an d  K* in  th e  so lu tion  an d  m em brane a re  g iven 
fo r  Nafion 125 (T ab le  (4 -1 )) and  Nafion 117 (T ab le  (4 -2 )) o v e r a 
com plete ra n g e  of lo ad in g s .
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T able  (4 -1 )
Ionic F rac tio n  in 
Solution
Ionic F rac tio n  in 
Membrane
S electiv ity
C oeffic ien t
4
0 1 . 0 0 1 . 0 -
0.085 0.915 0.032 0.968 2.810
0.166 0.834 0.073 0.927 2.528
0.245 0.755 0.117 0.883 2.449
0.414 0.586 0.182 0.818 3.175
0.566 0.434 0.283 0.717 3.302
0.642 0.358 0.334 0 . 6 6 6 3.576
0.698 0.302 0.427 0.573 3.102
0.758 0.242 0.454 0.546 3.767
0.864 0.136 0.652 0.348 3.391
0.921 0.079 0.745 0.255 3.990
0.973 0.027 0.846 0.154 6.560
1 . 0 0 1 . 0 0 -
B a rre d  Sym bols in th e  membrane ph ase  
H = h y d ro g e n  : K = potassium
Table  (4-2)
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Ionic F rac tio n in Ionie F rac tio n  in Selectivity-
Solution Membrane C oeffic ien t
H
0 1 . 0 0 1 . 0 -
0.800 0.920 0.029 0,971 2.912
0.158 0.842 0.060 0.940 2.946
0.241 0.759 0.084 0.916 3.463
0.390 0.610 0.157 0.843 3.433
0.537 0.463 0.232 0.768 3.839
0.597 0.403 0.289 0.711 3.639
0.656 0.344 0.347 0.653 3.588
0.719 0.281 0.400 0.600 3.838
0.798 0 . 2 0 2 0.575 0.425 2.920
0.895 0.105 0.722 0.278 3.282
0.934 0.066 0.809 0.191 3.341
0.976 0.024 0.892 0.108 3.918
1 . 0 0 1 . 0 0 -
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4% DVB 8 % DVB 16% DVB
H* 17.94 15.28 16.7 - - -
Li* 16.70 14.41 14.3 23.2 11.7 7.2
Na* 14.27 11.37 11.9 2 0 . 6 1 0 . 2 6 .5
K* 1 0 . 9 0 9 . 2 1 8 . 8 18.9 9 .0 5.9
Rb* - - 7 ,7 19.0 8 . 8 5.9
C s* - - 6 . 6 19.0 8 . 8 5 .7
C a 2* 15.27 , 1 2 . 6 8 12.9 - - -
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F ig u re  Ç4-1)
K */H* ex ch an g e  iso therm s fo r Nafion m em branes e q u ilib ra te d  
w ith  m ixed potassium  ch lo ride  an d  h y d ro ch lo ric  acid  so lu tions of 
to ta l m olarity  0.05M.
(a) F o r N afion 125 : EW 1200























F ig u re  (4 -2 )
KS elec tiv ity  co effic ien ts , (e q n . 4-2) fo r Nafion m em branes, 
as; a fu n c tio n  of th e  eq u iv a len t frac tio n  of in solution of
(HCil + K C£) of to ta l co n cen tra tio n  0.05M.
I  -  Nafion 117 (EW 1100)
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CHAPTER 5
E lec trica l C o n d u c tiv ity
D- ±
5 .1  INTRODUCTION
P e rf lu o rin a te d  ionom er m em branes a re  w idely u sed  as s e p a ra to rs  
in  e lec tro ly tic  an d  fue l c e lls . A p rim ary  co n sid era tio n  in su ch  ap p lica t­
ions is  th e  m em brane co n d u c tiv ity , b ecau se  ohmic lo sses  due to  m em brane 
re s is ta n c e  can s ig n ific an tly  in c re ase  e n e rg y  consum ption of e lec tro ly tic  
cells an d  en e rg y  lo ss  of th e  fuel cell. E x ten siv e  s tu d ie s  of th e  
co n d u c tiv itie s  of conven tional (su lphon ic  acid) Nafion m em branes in 
v a rio u s  in d u s tr ia lly  im p o rtan t e lec tro ly te s  have  been  c a r r ie d  o u t in 
sev e ra l la b o ra to rie s  in  re c e n t y e a r s .  The co n d u c tiv ity  of p e rf lu o r in a te d  
c a rb o x y la te d  m em branes h as  b een  s tu d ie d  only in alkaline e lec tro ly te s  
b ecau se  of i t s  p rim ary  app lication  in ch lo r-a lk a li in d u s try .
T hese  c a rb o x y la te d  polym ers in th e  acid  form a re  n o t d esirab le  
fo r  o th e r  electrochem ical app lica tions b ecau se  th ey  have  v e ry  h igh  
re s is ta n c e s  ( I )  com pared w ith  Nafion m em branes in SPE cells (so lid  
polym er e lec tro ly te ) w ater e lec tro ly se r ( 2 ). T h is is p rim arily  due to 
small m em brane sw elling an d  s lig h t d issociation  of th e  carboxy lic  acid 
g roup  in w a te r . T he co n d u ctiv ity  of Nafion m em branes h as  been  found  
to  be s tro n g ly  a ffe c ted  b y  th e  h is to ry  of tre a tm en t of th e  mem brane 
(3 ,4 )  an d  it is  a p p a re n t th a t  e lec tro ly te  u p tak e  is an im p o rtan t fa c to r in 
de term in ing  m em brane co n d u c tiv ity  and  th e  voltaic effic iency  of many 
m em brane ce lls . The e lec trica l co n d u ctiv ity  of e lec tro d ia ly s is  m em branes 
is  a fundam en tal p ro p e r ty  w hich is  n o t c o n s ta n t b u t  d ep en d s  on th e  
n a tu re  of th e  le s s e r  cou n terio n  and  to  a le s se r  d eg ree  on th e  c o n ce n tra t­
ion of th e  so lu tion  w ith  w hich th e  membrane is  in equ ilib rium . To 
in v e s tig a te  th is ,  Nafion 125 membrane (w hich h as su lphonic  acid  g ro u p s) 
was s tu d ie d  in a v a r ie ty  of homoionic (H , K , Na , Li and  Ca^ ) form s
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an d  in m ixed H ^/K ^ form s o v er a com plete ra n g e  of lo ad in g . C h arg ed  
m em branes can  inc lu d e  in th e ir  s t ru c tu re  many ions o r ionizable g ro u p s; 
one e sse n tia l ionic com ponent is chem ically b o u n d  o r o therw ise  re ta in e d  
b y  th e  polym eric m atrix  ( th e  so -ca lled  fix ed  io n ). T he o th e r  e ssen tia l 
ionic com ponent is  a mobile, rep laceab le  ion (so -ca lled  co u n terion ) which 
is  e lec tro s ta tic a lly  asso c ia ted  w ith th e  com ponent. T hese  m em branes 
a re  in e ffec t perm eable  only to  th e  c o u n te r io n s , while re s is tin g  th e  
d ire c t flow of liq u id s  an d  ions of opposite  c h a rg e  (c o -io n ) .
Co-ion (in  th is  c a se , ch lo ride) u p ta k e  was e ffec tive ly  
elim inated b y  exam ining th e  te s t  m em branes in su ffic ien tly  d ilu te  
e le c tro ly te .
T he in te rn a l ionic m olalities of co un terion  p e r  fix ed  su lphonic  
acid  g ro u p  in th e se  Nafion 125 m em branes w ere in th e  ra n g e  of 4 .6 -7 .3  
mol k g  of so lv en t in  th e  e x ch a n g e r. T hey  may th e re fo re  be  co n sid e red  
to  be  v e ry  c o n c e n tra te d  b in a ry  e lec tro ly te s . I t  shou ld  be  n o ted  th a t
in  th is  co n cen tra tio n  ra n g e  th e  av e rag e  num ber of w ater molecules 
p e r  ion p a ir  of co u n terio n  an d  su lp h o n ate  fix ed  c h a rg e  will be  le ss  th an
12 m olecules of w ater o r le s s .  I t  would be  ex p ec ted  th a t  th e  
in te ra c tio n s  betw een  ions would be  la rg e  since th e  m em brane m olahties
fo r all b u t  Li^ an d  exceed  sa tu ra tio n  v a lues to  th o se  of all common
s a lts . I t  was e x p ec te d , th e re fo re , th a t  w ater co n ten t would p lay  an
im p o rtan t p a r t  in  de term in ing  th e  v a ria tio n  of co n d u c tiv ity  of ion exchange
m em branes.
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5 .2  EXPERIMENTAL
T he e lec trica l co n d u c tiv ity  of m em branes may be  m easured  in
sev e ra l w ays; th e se  fall in two b ro a d  c a te g o rie s .
T he f i r s t  is  th e  d ire c t m ethod in which a c o n s ta n t vo ltage  is
ap p lied  to  a s tr ip  of m em brane and  th e  c u r r e n t  m easu red  to g e th e r  w ith
p o ten tia l d iffe ren ce  A ip betw een  two iden tica l p ro b e  e lec tro d es  p laced  in
a reg io n  of uniform  c u r r e n t  d e n s ity , I ( i /A ) .  T he e lec trica l
co n d u c tiv ity  K is  ca lcu la ted  from th e  p o ten tia l d iffe ren c e , A ^, th e
e x p o su re  a rea  of th e  m em brane. A , th e  c u r re n t  i ,  an d  th e  d is tan ce
(5)betw een  e lec tro d e s , £
T h e re  a re  sev e ra l tech n ica l d isad v an tag es  to th is  m ethod.
T hese  a re  th e  d iff icu lty  of overcom ing th e  e ffec t of in te rfa c ia l re s is ta n c e s
and  th e  fa c t th a t  th e  m easurem ent is  made along th e  le n g th  of th e
m em brane s t r ip ,  w h ereas most o th e r  t r a n s p o r t  m easurem ents a re  made in
th e  d irec tio n  norm al to  th e  m em brane su rfa c e . I f  th e  mem brane is
an iso tro p ic  th e n  th e  r e s u l ts  o b ta in ed  b y  th e  d irec t m ethod may be in
e r ro r  if th e y  a re  u sed  in con junction  w ith o th e r  p ro p e r tie s  w hich have
b een  m easu red  along d iffe re n t p a th s .
In  th is  w ork an in d ire c t m ethod h as b een  u sed  fo r the
con d u ctan ce  of a cell con tain ing  e lec tro ly te , m easured  w ith and  w ithout
a m em brane as s e p a ra to r . T he ac tu a l cell u se d  in th is  work and  in
many p re v io u s  s tu d ie s  in  th is  laboratory^^^ was c o n s tru c te d  as d e sc rib ed
( 7)in  th e  US m anual fo r te s tin g  p erm selec tiv ity  m em branes
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T he cell, F ig . (5-1) is  d esig n ed  fo r u se  w ith m em brane in
d ilu te  e le c tro ly te . As long as  th e  e lec tro ly te  is r a th e r  d ilu te  (C<<X
th e  m em brane c a p a c i ty ) , th e  co n d u c tiv ity  of th e  m em brane which has
h ig h e r  ionic co n cen tra tio n  (a n d  is  an ex ce llen t e lec tro ly tic  conducto r)
is g re a te r  th a n  th e  d ilu te  e lec tro ly te , th e re  is d ifficu lty  in ob tain ing
a p re c ise  va lue  fo r th e  m em brane c o n d u c tiv ity . In  o rd e r  to  in c rease
th e  a cc u ra cy  of th e  r e s u l ts ,  th e  cell desig n  th a t  th e  e lec tro d es  a rea
an d  th e  e lec tro ly te  volum es have  b een  made as la rg e  as is p rac ticab le
an d  th e  ex p o sed  a rea  of th e  m em brane re d u c e d  to as small an a rea  as
is  p ra c tic a b le  (w ith o u t m easuring  s ig n ifican t edge e ffe c t) .  T he mem brane
2
a rea  ex posed  was v e ry  small (0 .0907 cm ) com pared to th e  whole disc 
2
a re a  (13 .85  cm ) .
When th e  cell h ad  b een  assem bled  it was filled  w ith p re ­
d e g assed  so lu tio n , ca re fu lly  e n su r in g  th a t  no a ir b u b b le s  rem ained  in s id e . 
T he cell was p laced  in  a po lyethene b a g , th e n  th e  assem bly was positioned  
in a th e rm o sta t w ater b a th  m ain tained  a t 25 ± 0.01°C ; th e  bag  collapsed  
a ro u n d  th e  ce ll, allowing good therm al co n tac t, while p re v e n tin g  th e  
c o n d u c tiv ity  cell from b e in g  con tam inated  b y  th e rm o sta t liq u id .
T he a ll-P e rsp e x  co n d u c tiv ity  cell is a poor h e a t co n d u c to r an d  
so a lth o u g h  im m ersed in  th e  th e rm o sta t b a th  as  d e sc r ib e d , it would no t 
allow e ffic ien t th e rm o sta t co n tro l of th e  cell so lu tion . To overcom e th is  
d iff icu lty  an d  to  e n su re  good te m p e ra tu re  co n tro l of membrane and  
so lu tion  w ith in  th e  m easurem ent a ll, th e  cell was co n n ec ted  to  a 
th e rm o s ta tte d  re s e rv o ir  of e le c tro ly te . F ig . (5 -2 ) , w hich could be 
tr ic k le d  th ro u g h  th e  cell. T he flow of th e  solution was s to p p ed  d u rin g  
m easu rem en ts, w hich w ere tak en  a t re g u la r  in te rv a ls  o v e r 90 min. 
E quilibrium  therm al an d  chem ical was in d ica ted  b y  co n stan cy  of m easure­
m ent to  ±0 . 1% otherw ise  th e  whole p ro c e d u re  was re p e a te d .
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To determ ine  th e  e lec trica l co n d u c tiv ity  of a m em brane in 
equ ilib rium  w ith  a p a r tic u la r  e le c tro ly te , th e  co n d u c tiv ity  cell m ust be  
f ir s t ly  u se d  filled  w ith  e lec tro ly te  only an d  th e n  th e  m easurem ent of R^.
T he cell is  th e n  rem oved from th e  th e rm o sta t b a th , d ism antled  
an d  th e  te s t  m em brane, whose su rfa ce  has been  d rie d  b y  p lo ttin g  w ith 
f ib re - f re e  f il te r  p a p e r , p laced  in p o s itio n . T he cell is  th en  re tu rn e d  
to  th e  th e rm o sta t b a th  an d  th e  therm al equilibrium  p ro c e ss  re p e a te d  as 
b e fo re . T he  co n d u c tiv ity  an d  hence  th e  re s is ta n c e  of th e  m em brane 
is  found  b y  su b tra c tio n  as follows:
(5-2)
C o n d u c tiv ity  K of th e  m em brane is th e n  o b ta ined
w here £ is th e  m em brane th ic k n e ss  an d  A th e  exposed  a re a .
In  th e  m easurem ent of K d esc rib e d  above co rrec tio n  fo r edge
f Q\
e ffe c ts  fo r an £/A  ra tio  of 0 .2  or le ss  is w ithin th e  lim its of 
ex p erim en ta l e r r o r .  In  th is  r e s p e c t ,  m em brane £ /A  ra tio s  sm aller th an  
0 . 2  may be  c o n sid e red  ideal in th a t  th e  edge e ffec t is  n eg lig ib le .
In  th is  w ork Nafion 125 mem brane w ith an ^ / A ra tio  = 0 .16, 
th e  edge e ffe c t may be  n e g lec te d .
All m easurem ents w ere made u s in g  a Wayne K e rr  B33I 
c o n d u c tiv ity  b r id g e  (S ection  5-3) capab le  of accu racy  of 0.01%.
) ~ 6
5.2-J C o n d u c tiv ity  B rid g e
M embrane co nductance  m easurem ents w ere made u s in g  a Wayne 
K e rr  A utobalance P rec ision  B rid g e , ty p e  B331 MKII. T h is  in s tru m en t 
d isp lay ed  cap ac itan ce  an d  co nductance  sim ultaneously  on two m eters  and  
six  d ig ita l d ecad es , th re e  fo r capacitance  and  th re e  fo r co n d u ctan ce , 
a n d  allowed an accu racy  of ± 0.01% to  be a tta in e d . A "lead elim inator" 
c irc u it was in c o rp o ra te d  to  elim inate com pletely any  e r ro r  cau sed  b y  th e  
fin ite  re s is ta n c e  of connec ting  le a d s . M easurem ents w ere made a t an
4
AC fre q u e n c y  of 1591.55 Hz, a t w hich w = 10 r a d /s e c .
5.2.2 T o rtu o s ity
A mobile spec ies  d iffu sin g  from ingoing  face to  ou tgo ing  face
of th e  m em brane is fo rced  to  tak e  a p a th  lo n g e r th an  th e  free  solution
p a th  due  to  o b s tru c tio n  of th e  polym er segm en ts . A ttem pts have  been
made to  estim ate  th is  fa c to r " to r tu o s ity , 0 " . T h e re  a re
d if fe re n t e x p re ss io n s  w hich estim ate to r tu o s ity , 0 .  Mackay and
Meares,^*^^ on th e  b a s is  of a la ttic e  model, h av e  ca lcu la ted  0  to be
0  , w herem
0 = ( ~  -  1)^ (5-4)m Y
w
w hich h a s  been  w idely te s te d .  I t  h as b een  found  in th is  w ork , as in 
p re v io u s  s t u d i e s ^ t h a t  a b e t te r  co rre sp o n d en ce  betw een  d iffu sio n  
co effic ien ts  of ex ch a n g e r an d  analogous e lec tro ly te  so lu tions is ob ta ined  
when th e  to r tu o s ity  fa c to r developed  b y  M eares is  re d u c ed  to
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0 *  = -  1) (5-5)
“  Vv
w here
* —0  = / 0  , = volume frac tio n  of w aterm m
in mem brane
T he o th e r  ex p re ss io n  of P rager^^^^ p ro v id es  th e  le a s t 
a r b i t r a r y  estim ate  of 0 , 0 ^  in
,  .  i _______
P Vw (1 -  + V^lnV^)
2Vw_i
If  V is  close to  u n ity  only th e  f i r s t  term  (——---- ) of th e
Vw+1
exp an sio n  of th e  se r ie s  fo r  InV ^ n eed  to  be  u se d . The equation  now 
becom es
0 = i _  -  — ( 5- 7)
P V 1 + Vw w
w hich is  a form sim ilar to  eq n . (5-5) s in ce , as ->• 1 , 0 ^  leads to
2 *( -  1) w hich is  d e s ig n a te d  0 ^  in e q n . (5 -5 ) . F ig . (5 -5) shows a
p lo t of e q n . (5 -5 ) an d  (5-6) o v e r th e  ra n g e  0 ^  1.
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5 .3  RESULTS AND DISCUSSION
5,3.1 C o n d u ctiv ity  of Homoionic Forms
E lec trica l con d u ctan ce  K of Nafion 125 p e r flu o rosulphonic acid  
m em brane ( i t s  main p h y sica l p ro p e r tie s  a re  g iven  in Table (5 -3 ))  a t 
25 ± 0.01°C  in homoionic form s H^, Na*, K*, Li* an d  Ca^* a re  shown in 
F ig s . (5 - 3a) an d  ( 5 - 3b) as a func tion  of th e  co n cen tra tio n  of th e  e x te rn a l 
so lu tions in w hich th e  m em brane h ad  been  eq u ilib ra te d . T he equilibrium  
ch lo rid e  so lu tio n s  w ere ra n g e d  from 0.05-0.2M . C o n d u ctiv ity  d a ta  a re  
ta b u la te d  in  T able  (5 -1 ) . T he overa ll im pression  is one of ex trem e 
com plexity  -  th e re  a re  no g en era l t r e n d s .  For exam ple, in F ig . ( 5 - 3a) 
th e  H-form  and  K -form  may be  com pared . T he h y d ro g en  form which 
h a s , as e x p e c te d , th e  la rg e s t  conductance  a f te r  an in itia l d rop  in 
c o n d u c tiv ity , show s a p ro n o u n ced  minimum in O.IM HCA. T h e re a f te r , an 
in c re a se  in  th e  co n d u c tiv ity  of th e  mem brane is o b se rv ed . T he K-form  
on th e  o th e r  h a n d , h a s  a co nductance  te n  tim es sm aller, b u t  which 
d e c rea se s  re la tiv e ly  little  w ith  change  in eq u ilib ra tin g  KC£ co n cen tra tio n  
o v er th e  same ra n g e .
T h is  overa ll im pression  of com plexity is m easured  by  o b serv in g  
th e  co rre sp o n d in g  v a ria tio n s  in th e  co n d u ctiv ity  of o th e r  ionic form s:
Na*, Li* an d  Ca^* form s a re  shown to g e th e r  w ith K* data  of F ig . ( 5 - 3a) 
in  F ig . ( 5 -3 b ) . A gain we see th a t  while th e  co n d u c tiv ity  of Na* and  
Li* form s r is e  s teep ly  w ith  in c re a se d  e x te rn a l so lu tio n s , co n d u ctiv ity  of 
th e  calcium form in c re a se s  a lso , b u t  lin ea rly .
On in c re a s in g  th e  e x te rn a l e lec tro ly te  c o n cen tra tio n , th e  
D onnan u p ta k e  of e lec tro ly te  will in c rease  w hich, accom panied w ith an
b - y
in c re ase  in  th e  ionic co n cen tra tio n  w ithin th e  m em brane, would be 
ex p ec ted  to  in c re ase  th e  co n d u c tan ce . In  some c a se s , how ever, th e  
e ffe c t is  re d u c e d  o r even  re v e rs e d  b y  th e  (osm otic) sh rin k a g e  of th e  
m em brane p h ase  in  more c o n ce n tra te d  e le c tro ly te s . B oth  e ffec ts  a re  
seen  h e re  in th is  m em brane system .
One p o ssib le  exp lana tion  which can be  given fo r th e  o b se rv ed  
tr e n d s  in th e  co n d u c tiv ity  is th a t  th e  m em brane sw elling may have  a 
p a r tic u la r ly  im p o rtan t e ffec t in th e se  p erflu o ro su lp h o n ic  acid  m em branes, 
since th e y  a re  know n to have  an is lan d  s t ru c tu re  of su lphonic  micelles 
in th e ir  le ss  swollen fo rm s.
T he b eh av io u r h as  a lread y  b een  observed^ fo r Nafion 125
in homoionic form s in  alkali (LiOH, KOH and  NaOH). T hose re s u l ts
a re  c o n s is te n t w ith  th e  above in te rp re ta tio n  of re s u lts  ob ta in ed  w ith 
ch lo ride  sa lts  in th is  w ork.
In  o th e r  s tu d ie s  th e  co n d u ctiv itie s  of Nafion 125 w ere m easured^
in  NiC an d  NaC £ so lu tions a t d iffe ren t e lec tro ly te  c o n ce n tra tio n s . The
co n d u c tiv itie s  of th e  m em brane ch an g ed  w ith e lec tro ly te  co n cen tra tio n
b u t  w ere h ig h e r  in  NiC^2 so lu tions th an  in NaC£ so lu tions of com parable
c o n ce n tra tio n . T h is  is  due to  th e  sm aller a ffin ity  of n ickel ion fo r th e
c h a rg e d  su lphonic  acid  of th e  poly  e lec tro ly te  sk e le to n . Also th e
n  4 I
co n d u c tiv ity  of Nafion 120 (1200 EW) was m easured  a t d iffe re n t NaC& 
co n cen tra tio n s  and  it was found  to in c rease  r a th e r  s teep ly  w ith in c reas in g  
m olalities of e x te rn a l so lution as a r e s u lt  of in c re as in g  D onnan u p tak e  of 
th e  sa lt .
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T he co n d u c tiv itie s  of Nafion 125 membrane in mixed H*/K* 
form s w ere m easu red  over a com plete ra n g e  of co n ce n tra tio n s . Table 
(5 -2 ) .  C o n d u c tiv ity , K ,  is  shown as a fu n c tio n  of ionic loading 
(= 1-X y) in  F ig . (5 -4 ) .
5 .3 .2  C o n d u c tiv ity  of m ixed H*/K* form s
-3  -1  -1T he c o n d u c tiv ity  fa lls  from 42.04 x  10 ohm cm fo r p u re  
-3  -1  -1h y d ro g e n  form to  5.47 x  10 ohm cm fo r p u re  potassium  form .
T he  ra tio  of th e se  two co n d u c tiv itie s  is  8 /1 , w hich is  som ewhat 
la rg e r  th a n  th e  sim ilarity  to th e  ra tio  of th e ir  m obilities in  fre e  so lu tion . 
T he co n d u c tiv ity  of th e  m ixed H*/K* form s d ec rea se s  as H* is re p laced  
b y  K* a n d  show s p ro n o u n ced  minimum w ith a s lig h t r is e  in co n d u c tiv ity  
in  th e  la s t  few p e rc e n t loading to  p u re  K -form .
T he lin e a r  c u rv e . F ig . (5 -4a) is  th a t  p re d ic te d  b y  a simple 
m ix tu re  ru le
(5-8)
a n d , b y  com parison , i l lu s tra te s  th e  v e ry  la rg e  n eg a tiv e  dev ia tions of 
th e  experim en ta l d a ta .
Such d ev ia tions h ave  been  o b se rv ed  b e fo re  fo r C a^/N a 
ex ch an g e  on AMF C ^q p o ly s ty re n e  su lphonic  acid  m e m b r a n e s T h e y  
a re  o b se rv e d  a lso , b u t  only to  a m uch le s s e r  d e g re e , in c o n ce n tra te d  
sa lt m ix tu res  in free  so lu tion  in w ater
F o r Ca^*/N a* ex change  and  fo r free  sa lt so lu tions th e  e ffec t 
is  e x p la in ed  b y  th e  co n trib u tio n  of ca tio n -to -ca tio n  c o u p l i n g M i l l e r
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gave a nu m b er of p re c ise  m easurem ents of th e se  coupling  coeffic ien ts , 
an d  show ed th a t  th e y  could b e  p re d ic te d  from th e  b in a ry  solution da ta  
(fo r  coupling  coeffic ien ts) w ith reaso n ab le  a cc u ra cy , u s in g  h is  own 
em pirical re la tio n sh ip s . P a te rso n  re sh a p e d  th e se  m ethods an d  app lied  
them w ith su ccess  to th e  AMF C^q m e m b r a n e a n d  su ccessfu lly  p re d ic te d  
th e  la rg e  n eg a tiv e  dev ia tions in th e  Ca^ /Na* exch an g e  d a ta  on th a t  
m em brane.
T he app lication  to th e  m em branes invo lved  th e  basic  assum ption  
th a t  th e  m ix tu re  ru le ,  eqn  (5-8) app lies  to  th e  d ire c t m obility coeffic ien ts  
an d  th a t  c a tio n -to -ca tio n  coupling  coeffic ien ts  follow M iller's ru le s ,  
t ra n s p o se d  to  a m em brane-fixed  ( th a t  i s ,  an io n -fix ed ) fram e of 
re fe re n c e  fo r  flow s.
A sim ilar an a ly s is  was app lied  to  th e se  m easurem ents. 
In su ff ic ie n t d a ta  w ere availab le  to  make a com plete  a n a ly s is . Within 
th e  te rm s of th e  above m ethod, th e  an a ly sis  was ap p lied , b u t  only to 
a s s e s s  th e  d e v ia tio n s , due  to coupling betw een  H* an d  K w hen th e ir  
coup ling  coeffic ien t in th e  m em brane was a t i ts  maximum v a lu e  a t each 
com position. A ny coupling  coeffic ien t may b e  p o sitiv e  o r n e g a tiv e  
b u t  is  r e s t r ic te d  in  i ts  m agnitude b y  th e  law s of therm odynam ics, su ch  
th a t
T he  s q u a re  of th e  coupling  coeffic ien t m ust b e  le s s e r  th a n  
o r equal to  th e  p ro d u c t of th e  d ire c t m obility co effic ien ts .
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T h is  re q u irem en t follows from th e  fac t th a t  th e  rate of 
p ro d u c tio n  of e n tro p y  m ust b e  p o sitive  fo r a sp o n tan eo u s  (irreversible) 
p ro c e s s .
With th is  assum ption  of maximum coupling an d  application of 
th e  m ix tu re  ru le  to  p re d ic t th e  d ire c t co effic ien ts , the conductivity of 
m ixed ionic form s was p re d ic ta b le . U sed w ith H*/K* data, it g a v e  a 
v e ry  rea so n ab le  p red ic tio n  of th e  o b se rv ed  trends in  the conductivity 
in c lu d in g  a minimum in th e  c u rv e , F ig . (5-4b). These p red ic tion s show  
d ev ia tions from th e  'm ix tu re  ru le ' w hich are somewhat larger than  
o b se rv ed  as m ight b e  e x p ec te d , since this is an estimate b a sed  upon a 
maximum coupling  model. T hese  calculations also  made allowance for 
th e  v e ry  la rg e  ch an g es  in  w a ter co n ten t, and so  in c lu d ed  the ch a n g es  
in th e  to r tu o s ity  of th e  m em brane phase as it was co n v erted  from H- to 
K -fo rm s. T h is  an a ly s is  th e re fo re  appeared  b oth  plausible and  su c c e ss fu l.
T ra n s p o r t  n u m b ers  fo r  H* and K* w ere ob ta in ed  from b i-io n ic  
p o ten tia l m easurem ents in C h ap te r  6. D irec t experim en tal ev id en ce  w as 
o b ta in ed  th e re  w hich show ed th a t  th e  H* an d  K w hen each  at 50% 
lo ad in g , h a d  equal t r a n s p o r t  n u m b ers :
t y  = t  g. = 0 .5
T his  rem ark ab le  an d  well su b s ta n tia te d  r e s u l t  is  d isc u sse d  in  d eta il in  
C h a p te r  6 . I t  show s, h o w ev er, th a t  th e  b a s ic  assum ption  of th e  
m odified 'm ix tu re  ru le ' can  n o t ap p ly  to  N afion m em branes since th e  two 
ions H* an d  K *, w hich h av e  m obilities s e p a ra te d  b y  alm ost one order 
of m agnitude  in  so lu tion , h a v e equal mobilities in the membrane ( a t  least
a t 50/50 load ing  of H * /K * ). U sing ir re v e rs ib le  therm odynam ics, th e  
t r a n s p o r t  n u m b ers  fo r H* an d  K* in  th e  mixed form s a re  g iven by  
e q n s . ( 2- 2 1 , 22)
r  _ '"HH * ^HK 
H ■ a
and
_  ^ ^k K  * ^HK
K a
2
w here  a  = k /F  , e q n . (2-19) an d  “ ^ k H th e  O n sag e r rec ip ro ca l
re la t io n s h ip . I t  is  obv ious th e re fo re  th a t th e  d ire c t m obilities of H* 
and  K* ions in  th e  50/50 m ixed form a re  equal:
^K K
T his  p re c lu d e s  any  p o ssib ility  th a t  we u sed  th e  m ix tu re  to  calcu la te  
^KK ^  th e  model o u tlin ed  above.
In  th a t  model th e  m obilities and  a re  p re su m ed  to
b e  p ro p o rtio n a l to  th e ir  mole f ra c tio n s , su ch  th a t
^KK " ^KK
w here  .. an d  a re  th e  m obilities of H* an d  K* in  th e  p u re  homo-riri
ionic m em branes.
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A lthough  th is  calcu lation  was fu r th e r  re fin e d  to  inc lude  th e  
sca ling  e ffe c ts  of chan g in g  to r tu o s i ty , i t  n e v e r th e le s s  rem ains obvious 
th a t  an d  can n e v e r  be  equal. If a m ix tu re  ru le  app lied ,
even  approx im ate ly  to  th e  Nafion m em brane.
T he fa c t th a t  it ho lds fo r AMF m em branes (fo r w hich a
com plete se t of d a ta  was available) b u t  n o t fo r Nafion m em branes, 
s u g g e s ts  th a t  th e y  a re  v e ry  d iffe re n t in  ionic t r a n s p o r t  m echanism s. 
T h e ir w a ter co n ten t is  much low er in Nafion m em branes which would 
make them  le ss  like ionic so lu tio n s . More im p o rtan t, how ever, is  th e
'island* s t r u c tu r e  o r  micelle s t ru c tu re  which h a s  been  p ro p o sed  b y  many 
w o r k e r s ^ T h e  m em brane may th e re fo re  co n sis t of a d isp ers io n  
of h ig h ly  c o n c e n tra te d  e lec tro ly te  confined  to is lan d  m icelles in th e  
po lym er, w ith , la rg e ly  o r com pletely u n c h a rg ed  and  u n h y d ra te d  reg io n s  
b e tw een . T he conversion  from H-form  to K-form  expels  w ater from 
p o ss ib ly  in c re a s in g  th e  e ffe c t. The c u r r e n t  con tro lling  s tep  would 
th e re fo re  b e  t r a n s p o r t  of ions th ro u g h  la rg e ly  u n c h a rg e d , u n h y d ra te d  
re g io n s , fo r w hich little  inform ation is availab le . F u r th e r  w ork to 
re so lv e  th is  m echanism is be in g  co n sid e red .
T he  ex e rc ise  w as, how ever, a u se fu l one, show ing th a t  a 
'g o o d -fit ' does n o t n e c e s sa r ily  s ign ify  a good ex p lan a tio n , especially  
if  th e  te s t  is  b a se d  on a lim ited se t of experim en tal m easu rem en ts.
T h is  is  p a r tic u la r ly  t r u e  of m em brane s tu d ie s .
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T able (5-1)
3 - 1  -%
E lec trica l c o n d u c tiv ity  K x  10 (ohm cm ) of homoionic form s 
of Nafion 125 m em brane a t 25 ± 0 .01°C in so lu tions of th e  co rre sp o n d in g  
ch lo ride  e lec tro ly te  a t th e  co n cen tra tio n s  g iv en .
^ s T o n ic
^ s ^ o r m s
C ( m o l /L ) \v ^
Li'^ Na"^ k " C a2 +
0.025 - - - - 1.251
0.05 59.88 2.048 4.371 5.588 1.491
0 . 1 0 42.04 3.818 7.160 5.466 2.027
0 . 2 0 46.77 4.799 7.304 5.356 -
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Table (5 -2 )
C o n d u c tiv itie s  of m ixed K /H form s of Nafion 125 membrane
a t O.IM ionic s t r e n g th .
Ionic com positions
solu tion m em brane
E lectrical
co n d u c tiv ity
K  X  1 0 ^& ohm 1 .
0 1 0 1 5.47
0.08477 0.91522 0.0322 0.9678 1.72
0.2449 0.7551 0.1166 0.8834 2.34
0.4140 0.5860 0.1818 0.8182 3.70
0.5660 0.4340 0.2834 0.7166 5.25
0.6982 0.3018 0.4268 0.5732 17.69
1 0 1 0 42.04
X; ionic frac tio n  in  solution 
X: ionic frac tio n  in  m em brane
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Table (5 -3 )
P h y sica l c h a ra c te r is tic s  of Nafion 125 m em brane a t d iffe re n t load ing  
of H ^/K ^ form . E q u ilib ra tin g  in O.IM to ta l co n cen tra tio n .
C apacity  = 0.2364 mmol/disc 
D ry  w eigh t = 0. 3045gm
1
0 0 . 1 0









1 . 0 0
Wet w t. of 0.3369 0.3387 0.3411 0.3429 0.3454 0.3457 0.3548
th e  disc
(gm)
Wt. of H^O/ 0.0323 0.0342 0.0366 0.0384 0.0409 0.0412 0.0503
disc ( gm;
_  2 
d( gm/cm ) 1.0014 1 . 0 0 2 2 . 1.0019 1.0016 1.0013 1 . 0 0 1 0 0.9987
V(cm^) 0,1623 0.1609 0.1605 0.1584 0.1586 0.1564 0.1589
Vw 0.1991 0.2125 0.2279 0.2423 0.2577 0.2634 0.3165
m(molal /k g 7.3189 6.9122 6.4590 6.1563 5.7799 5.7378 4.6998
of p o re  H 2O )
* 2 9.045 8.4118 7.7750 7.2522 6.7595 6.5930 5.3191
w




8.8847 8.3376 7.7892 7.3400 6.9176 6.7751 5.6874
re fe re n ce  ( 9) 
re fe re n c e  ( 11 )
'D -  I D
F ig u re  (5 -1 )
C o n d u c tiv ity  cell 
L egend
A solu tion  in
B so lu tion  ou t
E e lec tro d es
M m em brane
S so lu tion  cham ber
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B A A B
1
E s  M l  s
□ 2 1
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F ig u re  (5 -2)
L egend
Th therm om eter
dw double wall g lass
WI w ater in
WO w ater o u t
sd  so lu tion  d e liv e red






F ig u re  ( 5 - 3a)
E lec trica l con d u ctan ce  K ohm  ^ cm  ^ of Nafion 125 mem brane 
in h y d ro g e n  an d  po tassium  form s a t  25 ± 0.01°C  as a func tion  of 
co n cen tra tio n  of eq u ilib ra tin g  so lu tion  of HC£ o r KC£ re sp e c tiv e ly  in 
m ole/L .






















F igure  ( 5 - 3b)
E lec trica l condu ctan ce  K ohm  ^ cm ^ of Nafion 125 a t 
25 ± 0 .0 1°C as  fu n c tio n s  of th e  co n cen tra tio n s  of equ iK bra ting  
ch lo ride  so lu tions in m o le /L :-






















F ig u re  (5 -4 5 )
C o nductance  K ohm  ^ cm  ^ of Nafion 125 in  m ixed H ^/K ^ 
form s a t 25 ± 0.01°C as a fu n c tio n  of eq u iv a len t frac tio n  of 












F ig u re  ( 5 - 4b)
-1 -1E lec trica l co n d u c tiv ity  ohm cm
ex p erim en ta l d a ta
in th e  ab sen ce  of coupling
estim ate  fo r  maximum coupling  made w ith  om itting 
to r tu o s ity
estim ate  fo r maximum coupling  made b y  inc lusion  of 
to r tu o s ity
CONDUCTIVITY (ohm  ^ cm"^) x 1 0^





5 - 3 0
F igu re  ( 5-5)
T o rtu o sity  fa c to r , 0 ,  p lo tted  a g a in st th e  volum e fraction
of w ater 'V ' in th e  Nafion 125 membrane, w
0  -  M eares 0 ^  eq n . (5 -5)  
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CHAPTER 6 
Single an d  B i-ionic M embrane P o ten tia ls
6-]
6 .1  INTRODUCTION
An e lec trica l p o ten tia l is  developed when a m em brane se p a ra te s  
two ionic so lu tions w hich d iffe r  in com position a n d /o r  c o n cen tra tio n .
T he re su lt in g  m em brane p o ten tia l may be  u sed  to determ ine th e  t r a n s p o r t  
n u m b ers  of th e  ions in th e  membrane p h a se .
In  th is  w ork th e  p rim ary  req u irem en t was to s tu d y  th e  b i-ion ic  
m em brane p o te n tia ls  developed  w hen th e  membrane s e p a ra te d  so lu tions of 
H^/K* of d iffe rin g  com position.
Sollner^^*^^ f i r s t  show ed th a t  th e  b i-ion ic  p o ten tia l ( B . I .P . )  
was a fu n c tio n  of th e  com position of ex ch an g e r an d  hence  d ep en d ed  upon 
i t s  se le c tiv ity  as  well as (m ore obviously) on th e  d iffe rin g  m obilities of 
th e  com ponent io n s . T h is  now a p p e a rs  an obvious conclusion since th e  
condition  fo r  s tea d y  s ta te  d iffusion  of ions ac ro ss  a mem brane re q u ire s  
th a t  th e re  wiU be  no e lec trica l c u r r e n t ,  eq n . ( 6- 1)
n
I = J z.J.F  = 0 fo r a l l io n s ,  i (6-1)
i '= l   ^ ^
w here z ., J. a re  th e  s ig n ed  valencies and  flow s, re sp e c tiv e ly . Since mem­
b ran e  flows may be  e x p re s se d  as a p ro d u c t of local co n cen tra tio n  and  
ionic v e lo c ity , T  = c^V^., i t  is obvious th a t  com position m ust p lay  a major 
ro le , a s  Sollner o b se rv e d .
Since o u r in te re s ts  lay in com paring m obilities of th e  ions 
an d  in  mixed form s of Nafion and  o th e r m em branes, th e  B . I .P . s  were 
m easu red  fo r sy stem s in w hich th e  membrane was 50/50 in each ion 
(Xr  = Xjj = 0 .5 ) . The se lec tiv ity  data  of C h ap te r  4 show ed th a t  th is  
com position would be ob ta in ed  fo r a solution 0.01215M K C£, 0.03785M
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HC£ w ith  to ta l ionic s t r e n g th  0.05M.
As b e fo re , th is  ionic s t r e n g th  was u sed  as a w orking 
compromise to  allow minimal co-ion  (ch lo ride) u p tak e  an d  y e t d id  no t 
invo lve  an y  o th e r  major side e ffe c ts , su ch  as in th e  m easurem ent of 
c o n d u c tiv ity , w here  m em brane re s is ta n c e s  in v e ry  d ilu te  so lu tions p o sed  
prob lem s o r in d iffu sion  w here film d iffusion  e ffec ts  m ight become 
s ig n if ic a n t an d  troub lesom e.
T he in te r  d iffu sion  of ions ac ro ss  c h a rg ed  m em branes is u su a lly  
much fa s te r  th a n  sa lt o r e lec tro ly te  d iffusion  and  so su ch  film e ffec ts  
would b e  e x p ec te d  to pose problem s in  th is  w ork u n le ss  d ealt w ith by  
ca re fu l d esig n  of ex p erim en ts  (see  C h ap te r  7) .
( 3)U n s tir re d  films a t so lid /liq u id  in te rfa c e s  a re  unavoidab le  
an d  to  minimise th e ir  e ffec ts  it  is  u su al to s t i r  th e  so lu tion  p h a se s  
v ig o ro u s ly . If  th is  s t i r r in g  is well defined  h y d ro  dynam ically , even  
small re s id u a l e ffe c ts  of u n s t i r r e d  la y e rs  on t r a n s p o r t  an d  e lec trica l 
p o ten tia l m easurem ents may b e  c o rre c te d  b y  calcu lation .
P ro fe sso r  J.W . Lorim er h as  developed  a new th eo re tic a l 
tre a tm e n t b a se d  upon 'flow ing ju nc tion ' cells in which a je t of so lu tion  
im pinges on each  side of th e  te s t  m em brane. P ro fe sso r L o rim er's
( 4)ex p erim en ta l v e rifica tio n  of th e se  th eo rie s  was incom plete when he 
v is ite d  th e  la b o ra to ry  on S abbatical leave . D uring  th is  r e s e a rc h , while 
he  was in  G lasgow , a new cell was d esig n ed  and  te s te d  (m ost su cc e ss ­
fu lly ) u s in g  s ing le  e lec tro ly te s  an d  was la te r  u sed  fo r b i-ion ic  p o ten tia l 
s tu d ie s .
T he value  of th e se  B .I .P .  s tu d ie s  in  u n d e rs ta n d in g  the  
b eh av io u r an d  perfo rm ance of Nafion m em branes lay  in th e  an a ly sis  of
th e  re su ltin g  t r a n s p o r t  n u m b ers  (an d  m obilities) of th e  h y d ro g en  an d  
po tassium  io n s , 50/50 in  m em brane (Xr  = X y = 0 .5 ) . Time d id  n o t 
allow an a ly s is  of th e  co rre la tio n  of com position and  t r a n s p o r t  num ber fo r 
th e  H ^/K ^ system  o v e r th e  com plete ra n g e  of load ings b u t  th e  r e s u lts  of 
th e  50/50 system  a re  s tr ik in g ly  u n u su a l and  s u g g e s t th a t  su ch  s tu d ie s  
would be  p ro f ita b le .
T he new m em brane cell was u sed  to  s tu d y  th e  H*/K* system  
of B . I .P .  c e n te re d  on m easurem ents in which one of th e  two so lu tions 
u se d  was alw ays th a t  w hich c re a te d  a 50/50 com position in  th e  m em brane 
su rfa ce  in  co n tac t w ith i t .  T he o th e r  so lu tions, w hich n eed  to  be 
d if fe re n t from th is  re fe re n c e , in o rd e r  to  ob tain  m easured  p o te n tia ls , 
w ere th o se  w hich g e n e ra te d  m em brane (su rfa c e )  com positions, 1 0 0 / 0 , 
80/20, 60/40, 40/60, 20/80 an d  0/100.
T he m em brane com positions a re  e x p re sse d  as p e rc e n t H to 
p e rc e n t in  th e  m em brane and  la te r  from th e  se lec tiv ity  d a ta  of 
C h a p te r  4.
In  all cases  so lu tions w ith to ta l ionic s t r e n g th  of 0.05M w ere 
u sed  a t  25 ± 0 .01°C .
6 .2  T h eo ry
In  some s tu d ie s  th e  'm em brane p o ten tia l ' is  m easured  u sin g  
two calomel (o r  sim ilar) re fe re n c e  e lec tro d es  p laced  in th e  e lec tro ly tes  
d iffu s in g  a c ro ss  th e  m em brane. The EMF of su ch  a cell is  sometimes 
defin ed  b y  e x p erim en ta lis ts  th e  'm em brane p o ten tia l' since it  is  assum ed 
th a t  th e re  is  n eg lig ib le  d iffe ren ces  in liq u id  .junction  p o ten tia ls  c re a te d  
a t  th e  re fe re n c e  e lec tro d es  in each h a lf-ce ll.
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T h e re  a re  fundam ental ob jections to  th is ,  s ince b y  a rb i t r a ry  
assu m p tio n , m em brane p o ten tia ls  a re  no more experim en tally  m easurab le  
th a n  s ing le  e lec tro d e  p o ten tia ls  a re . I t  is , how ever, o ften  a p ra c tic a l 
a n d  seem ingly  reaso n ab le  (if  a rb i t r a ry )  defin ition  of m easurab le  mem brane 
p o te n tia ls .
In  th is  w ork how ever, H^/K ^ so lu tions of w idely d iffe rin g  
compositions w ere u sed  in  th e  B . I .P .  s tu d ie s  an d  th e  assum ption  th a t  th e  
liq u id  ju n c tio n  p o te n tia ls  of calomel re fe re n c e  e lec tro d es  (w ith  KCil sa lt 
b r id g e s )  a re  n eg lig ib le  would c e r ta in ly  cause  la rg e  e r ro r s .
To avoid  su ch  p rob lem s, as in e a r lie r  s tu d ie s  th e  EMF
of th e  s ilv e r / s ilv e r ch lo ride  co n cen tra tio n  cell was m easured  an d  u se d  fo r 
a te s t  of th e  d iffu sion  film co rrec tio n  tech n iq u e  an d  to  estim ate  t r a n s p o r t  
n u m b e rs . T h is  same s e t-u p  was u sed  to  determ ine th e  tr a n s p o r t  
n u m b ers  of an d  in m ixed ionic form s.
'A g /A g C 5, [solution ' |'m em brane" {so lu tio n " |A gC £/A g"
6 .2 .1  S ingle ion p o ten tia ls
In  th e  ab sen ce  of u n s t i r r e d  la y e rs  in th e  so lution p h ase  th e  
EMF of th is  cell, w hich is  th e  d iffe ren ce  in e lec tro d e  p o te n tia l, E, betw een 
e lec tro d e ' an d  e lec trode" is  ( ^ )  an d  is  d irec tly  m easurab le .
(6-2)
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I t  may be  id e n tic a l, e .g .  th e  a lgeb raic  of five  e lec trica l p o te n tia ls .
an d  a re  th e  sing le  e lec tro d e  p o ten tia ls  of
th e  s i lv e r /s i lv e r  ch lo ride  e lec tro d es  w here
w here  K = RT /F an d  th e  symbol * = ' o r ".
(4^ * ) an d  (ip" -ij;") a re  th e  D onnan p o ten tia ls  betw een th eixi s m s
m em brane an d  i ts  co n tac t so lu tions a t side ' and  side " re sp e c tiv e ly . 
I t  is  th e n  easily  shown th a t
a. 1 /z.
= -  K S,n ( ^ )  '  (6-4)
w here a. an d  a  ^ a re  th e  ac tiv itie s  of ions invo lved  in th e  eq u ilib ria , 
in th is  c a se , ch lo ride  an d  th e  s ing le  co u n te rio n . F or B . I .P . s  th e  two 
c o u n te r io n s , H an d  K (a n d  C& ) a re  re p re s e n te d . T he rem ain ing  
p o ten tia l is th e  d iffusion  p o ten tia l ac ro ss  th e  m em brane an d  it
is  easily  s h o w n t h a t  th e  p o ten tia l is g iven  b y  e x ten d e d  H enderson  
e q u a tio n , q u ite  analogous to  th a t  u sed  to d e sc rib e  liqu id  Ju n c tio n  
p o te n tia ls , e q n . (6 -5 ) ,  (see  C h ap te r  2 fo r m ethod of d e r iv a tio n ) .
(ifj' -Tp" ) = ^ j  — K d (£ n  a.) + j  t^  K d( jln a^) (6-5)
■ all ions ' ^i i  ^ ^
w here K = R T /F .
T he a c tiv itie s  w ith b a r re d  s u p e rs c r ip ts  re fe r  to th e  membrane 
p h a se  an d  th e  in te g ra tio n  is  ta k en  ac ro ss  th e  m em brane from one side
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(s id e  ') to  th e  o th e r  (s id e  " ) .  t^ a re  ionic tr a n s p o r t  n u m b ers , while 
t  g r e p re s e n ts  th e  tra n s fe re n c e  num ber fo r w a ter spec ies  3.
In  common w ith  norm al electrochem ical p ro c e d u re s  it is  u su al 
to  define in te g ra l t r a n s p o r t  n u m b ers  a c ro ss  th e  m em brane, su ch  th a t 
e q n . (6 -5 ) becom es
T. â." _  â  "
(ip' -4;") = I  K iln ( ^ )  + T - K iln ( - i  ) (6- 6 )
all ions i a J  a^'
w here is th e  co rre sp o n d in g  w ater tra n s fe re n c e  nu m b er. fp .
For a simple e lec tro ly te  MCJl^ (x = |z j^ | ) ,  th e  to ta l EMF, E , 
as d e fin ed  in equation  (6-2) becom es e q n . (6-7) u s in g  e q n s . (6 -3 ) , 
(6 -4) an d  ( 6- 6 ) a f te r  some re a rra n g e m e n t) .
a  , _  .MC£ y!L _  a "
E T _  Kiln I -  + T K & n (^ ,)  (6 -7)
“  [MC&^ ] Y+ 3 3
w here [MC£^] and  Y-f. a re  th e  molar co n cen tra tio n  and  mean molar 
a c tiv ity  coeffic ien ts  of th e  e lec tro ly te  MC£^.
6 .2 .2  B i-ionic p o ten tia ls
F o r B . I .P .  th e  EMF, E, is once more defined  as in eq n . 
(6 -2 ) w ith  each  com ponent p o ten tia l defined  as p re v io u s ly . T his 
in c lu d es  th e  d iffu sion  p o te n tia l, w hich h as iden tica l form to  e q n s . (6 -5) 
an d  ( 6- 6) ,  b u t  now th e  two ions a re  b o th  co u n te r io n s . A th ird  ionic 
te rm  in e q n s . (6 -5 ) an d  ( 6- 6) would be  ad d ed  if ch lo ride  was p re se n t 
in s ig n ific an t am ounts in th e  m em brane p h a se .
6-7
T he fin a l eq u a tio n , c o rre sp o n d in g  to  eq n . (6-7) fo r a sing le  
ion o r a t  le a s t s ing le  p o ten tia ls  is ,  ho w ev er, of a som ewhat d iffe re n t 
form . F o r a B . I .P .  in  w hich only  two co u n te rio n s  a re  invo lved  
e q n . ( 6- 8 ) becom es
a' T T a"r" 0 H H K TC
E = -K  Jin a ' 0 -  K Jin ■+ —  K Zn (=p) + —  K Jin ( - - )
^ C il H
+ T ,  K Jln {— ) + K Jln ( - ^ )  + K S,n a " ,  ( 6- 8 )
(T h e  D onnan p o te n tia ls , e q n . ( 6- 8 ) a re  e x p re sse d  in te rm s of ch lo ride  
h e r e ) .  Sim plifying e q n . ( 6- 8 ) becom es
E = (!{;' -  1/;" ) = —  K £n ^  K Jin
A s  Ag 'K
4
+ T j  K  S,n ( 3^ )  (6 -9)
T he D onnan equilib rium  cond ition , eq n . (6 -1 0 ), allows ion 
a c tiv ity  p ro d u c ts  in  th e  m em brane to  be  e x p re sse d  in term s of solution 
a c tiv itie s .
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I t  is  also easily  shown th a t  th e  ac tiv itie s  of w ater in  th e  
m em brane an d  so lution a re  eq u a l, if defined  re la tiv e  to  th e  same 
s ta n d a rd  s ta te  (p u re  w a te r , a t 1 atm p re s s u re ,  298 .15K), so th a t 
a |  = a |  ( * = ' o r ") a t each m em brane su rface  (s id e  ’ an d  side " ) . 
T he B . I .P .  E , is  th e re fo re  easily  e x p re sse d  in te rm s of solution 
a c tiv itie s , eq n . (6 -1 1 ), e x p re sse d  h e re  fo r th e  H^/K B .I .P .
E = ^ K i l n ( ÿ ^ ) 3 K . n ( J ^ )  . T 3 K . „ ( ÿ )  (6-11)
H H CJl K K C£ 3
sin ce
an d  ^Cil " [K ][CJl ]
w h e r e i s  th e  mean molar a c tiv ity  coeffic ien t of HC£ in th e  so lu tion , 
an d  sim ilarly  fo r KCil.
F o r th e  p a r tic u la r  case  co n sid e red  h e re  of a c o n s ta n t to ta l 
ionic s t r e n g th  0.05M an d  so a c o n sta n t ch lo ride  co n cen tra tio n  of same 
v a lu e , e q n . ( 6- 1 1 ) becom es
E = —  K iln —7 , . ---------- + K iln ,
[H ] T+h c £ ^
a ;




6 .3 .1  M embrane cell
T he cell was made of P e rsp e x  (p ex ig la ss ) an d  co n sis ted  of
two sym m etrical m ains ha lv es  (A) basica lly  sim ilar to th a t  d e sc rib e d  
( 7)b y  L orim er e t a l. b u t  com pletely d iffe re n t in  d esig n  an d  o p e ra tio n , 
w ith many fe a tu re s  w hich a re  a b se n t in th e  o rig inal cell. Each half 
co n s is te d  of th re e  p a r t s .  F ig . (6 -1 ) .
The main p a r t  (A) was f i t te d  w ith 'Q u ickfit' ta p e re d  BIO 
g lass  cones m oun ted , u s in g  A ral d ite  ad h es iv e . T he u p p e r  (B) h e ld  th e  
flow m eter (G ) , an d  th e  o th e r  below (C) was con n ec ted  to th e  e lec tro d e  
cham ber (H ), F ig . (6 -1 ) .  T he screw  sea ls  (D an d  E) w ere d esig n ed  
to  g ive th e  freedom  to  move th e  flowing tu b e  ( I ) .  T h is  c a r r ie d  a 
scale to  re c o rd  p o sitio n s  as th e y  w ere moved fo rw ard s  o r b ack w ard s  
from th e  m em brane su rfa ce  d u rin g  te s t s .  B oth  seals w ere th re a d e d  
an d  would move re la tiv e  to each  o th e r  an d  th e  main cell u n it .  Each 
was fu rn ish e d  w ith an  O -rin g  to  p re v e n t leakage  betw een  th e  cell 
so lution and  th e  w ater b a th .
6 .3 .2  M embrane h o ld er
Thp mem brane h o ld e r (F ) , F ig . (6-2) co n sis ted  of two d iscs 
tu rn e d  an d  th re a d e d  to  f it th e  main p a r ts  (A) of th e  cell. On one side 
a c irc u la r  d isc was milled ou t to hold th e  m em brane. F ig . (6 -2 ) . The 
second  disc co rre sp o n d in g ly  p ro tru d in g  to fit th e  milled d ep ress io n  in 
its  p a r tn e r .  T hey  w ere also eq u ip p ed  w ith 0 - r in g s  d esig n ed  to hold
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th e  m em brane an d  also to  p re v e n t leakage betw een th e  two ha lv es  of th e  
cell an d  th e  w ater b a th  a lso . A num ber of m em brane h o ld e rs  w ere made 
w ith  d if fe re n t ho les; th e se  w ere made a t d iam eters of 0 .1 , 0 .2  an d  0.3 cm 
A fte r te s t in g  m easurem ents w ere tak en  w ith a hole 0 .3  cm in d iam eter w ith 
b ev e lled  edge to  perm it ex cess  of flowing solution to  flow free ly  from th e  
m em brane su rfa c e .
6 .3 .3  Solution re s e rv o ir
Solu tions w ere k e p t in two re s e rv o irs  ( J ) ,  each of te n  l i t r e s  
c ap ac ity  an d  f i t te d  w ith therm om eter ( K ) . T he re s e rv o ir s  w ere p laced  
94 cm above th e  cell, an d  b o th  w ere f i t te d  w ith c o n sta n t h ead  dev ices 
(L) w hich gave a uniform  flow th ro u g h  th e  cell, (F ig . 6 -1 ) . B y 
c irc u la tin g  w a ter a t 30°C th ro u g h  double co n d en se r jack e ts  ( P ) , th e  
te s t  so lu tio n s  w ere m ain tained  a t a te m p e ra tu re  of 25 ± 0 .01°C . The 
so lu tions w ere s t i r r e d  co n tin u o u sly , as shown in F ig . (6 -1 ) .
6 .3 .4  E lec trode  cham ber
T he e lec tro d e  cham ber (H ), F ig . (6-1) co n sis ted  of two 
sim ilar g lass  te s t  tu b e s ,  one on each side of th e  connection  to  th e  
jo ined  main ce ll. T hese  w ere in te rc o n n ec te d  b y  g lass  tu b e s  an d  f it te d  
w ith  v a lv es  (V) to perm it change  of e lec tro d es  if n e c e s sa ry .
T he e lec tro d e  cham ber was connec ted  to th e  cell b y  a B 10 
cone (C ) to  f it  i ts  p a r tn e r  a t th e  bottom  of th e  cell. F ig . (6 -1 ) .
6 - 1 1
6 . 4 S ilv e r /S ilv e r  C hloride  E lectrode
S ilv e r /s i lv e r  ch lo ride  e lec tro d es  (N) w ere p re p a re d  w ith b ias  
p o ten tia ls  ra n g in g  betw een  0 .02-0 .065 mV. F o u r su ch  e lec tro d es  g iv ing  
th e  low est b ia s  p o ten tia l w ere u se d . F ig . (6 -1) in  each ex p erim en t.
6 .4 .1  S ilv e r / s ilv e r ch lo ride  e lec trode  p re p a ra tio n
T he e lec tro d es  w ere re v e rs ib le  s i lv e r /s i lv e r  ch lo ride  e lec tro d es
( 8 )p re p a re d  b y  th e  th e rm a l-e lec tro ly tic  m ethod. The e lec tro d es
co n sis te d  of a sp ira l (0 .3  cm d iam eter) of 2-3 tu rn s  of p latinum  w ire. 
T h is  was sea led  in to  a B 10 s ta n d a rd  ta p e r  jo in t w ith  an ex ten s io n .
The p la tinum  sp ira ls  w ere c leaned  b y  boiling b rie fly  in c o n ce n tra te d  
n itr ic  acid  followed b y  re p e a te d  r in s in g s  w ith d is tilled  w a ter. T he 
p latinum  sp ira l was th e n  co v ered  w ith a p a s te  of s ilv e r oxide u sin g  a 
small s p a tu la . T he in s id e  of th e  sp ira l was com pletely filled  an d  th e  
sp ira l to ta lly  co v ered  w ith p a s te  to form a ball of su itab le  dim ension 
(0 .4  o r 0 .5  cm in  d iam e te r). I t  was th e n  h e a te d , a t f i r s t  slow ly, to 
100°C to d riv e  off w ater an d  p rec lu d e  th e  po ssib ility  of s p u tte r in g  b y  
ra p id  form ation of steam  an d  to perm it su p erfic ia l d ry in g .
The te m p e ra tu re  was th en  ra ise d  a t a uniform  ra te  to 450°C . 
The e lec tro d es  w ere p e rm itted  to cool w ithin th e  fu rn ace  to  avoid  therm al 
sh o ck . F o r th e  second  co a t, a p a s te  of much th in n e r  co n sis ten cy  was 
u s e d . T he re d u c tio n  of th e  second  coat of s ilv e r oxide was perfo rm ed  
in  th e  sam e w ay.
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6 .4 .2  C hlo rid iza tion
T he s ilv e r  / s ilv e r e lec tro d es  p re p a re d  as above w ere th en  
ch lo rid ized  as anodes in IM hy d ro ch lo ric  ac id . A platinum  sp ira l sim ilar 
to  th o se  u se d  fo r th e  p re p a ra tio n  of s ilv e r  e lec tro d e s , s e rv e d  as a 
ca th o d e . A c u r re n t  of 10 mA was p a sse d  th ro u g h  an assem bly 
co n sis tin g  of s ix  e lec tro d es  in s e r ie s . T he fre sh ly  p re p a re d  e lec tro d es  
w ere w hite o r lig h t g rey  in co lour. A b a tc h  of e lec tro d es  p re p a re d  in 
th is  way w ere s h o r t c irc u ite d  an d  s to re d  in a d ilu te  KCJl so lu tion .
A fte r  two w eeks b ias  p o ten tia ls  w ere m easured  betw een p a irs  of e lec tro d es  
P a irs  w ith a b ia s  p o ten tia l of g re a te r  th a n  0.1 mV w ere d isc a rd e d .
S evera l p a irs  of e lec tro d es  rep ro d u c ib ly  gave b ias  p o ten tia ls  betw een 
0 .0 5 -0 . 065 mV. B efo re  each EMF m easurem ent, th e  b ias  p o ten tia ls  w ere 
m easu red  and  th e  p o sitiv e  e lec tro d es  w ere p laced  in th e  d ilu te  solution 
so th a t  th e  c o rre c tio n s  w ere alw ays in th e  same d irec tio n .
6 . 5 M em branes an d  R eag en ts
F o u r ty p e s  of mem brane w ere u sed  in th e se  ex p erim en ts .
Nafion (125 and  117) p e rf lu o r in a te d  su lphonic  acid  mem brane ( E .I .  Du 
P on t de Nem ours C o .) and  AMF C^q g ra f t  copolym er mem brane 
(A m erican Machine an d  F o u n d ry  C o ., S p rin g d a le , C o n n ec ticu t, U .S .A .) .  
T his ion exch an g e  m em brane was p re p a re d  from lo w -d en sity  po ly e th y len e  
an d  co n ta in ed  35% s ty re n e  and  up  to 2% d iv in y lb en zen e . To com plete 
th e  se t of fo u r  m em branes (u n c h a rg ed ) V isking d ia ly sis  m em branes w ere 
in c lu d ed  fo r com parison . A naly tical g rade  KC£ o r NaC£ was u se d , 
as p re v io u s ly .
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6 .5 .1  R es is tan ce  m easurem ent of membrane emf cell
T he re s is ta n c e  of th e  cell was m easured  b y  in s e r tin g  a p iece 
of po ly thene.- sh ee t in p lace of th e  m em brane. T he two h a lves of th e  
cell could  b e  lined  up  rep ro d u c ib ly  b y  means of six  b o lts  an d  n u ts .
V ery  s lig h t p r e s s u re  on th e  po ly thene  sh ee t was su ffic ien t to p re v e n t 
leak ag e .
T he cell, w ith po ly th en e  mem brane in  p lace , was filled  w ith 
potassium  ch lo ride  so lu tion . E lec trodes w ere in s e r te d  and  th e  whole 
assem bly  was su p p o rte d  ho rizo n ta lly  b y  means of two clam ps in th e  
w a te r b a th  a t 25 ± 0 .01°C . I ts  re s is ta n c e  was found  to b e  6 .4  
m easu red  b y  a S o la rtro n  7075 d ig ita l vo ltm eter.
6 .5 .2  T e s t of th e  m em brane cell
T he m em brane (M) was clam ped betw een th e  two h a lves of th e
cell. F ig . (6 -1) in  su ch  a way th a t  s ix  coupling n u ts  and  bo lts  s e p a ra te d
two so lu tions of th e  same c o n cen tra tio n . The inflow ing so lu tions
im pinged d ire c tly  on th e  m em brane su rface  and  th e  outflow ing so lu tion
p a sse d  th ro u g h  flow m ete rs  filled  in  th e  o u tle ts  of th e  cell (B ) . The
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flow s, ra n g in g  from 0-1000 mL min w ere m easured  by two c a h b ra te d  
Gilmont flow m eters F-1500, size 5, w ith 0.5 float d iam eter (G) and  flow 
cap ac ity  ra n g in g  from 30-1900 mL mirf.^
T he s i lv e r / s ilv e r ch lo ride  e lec tro d es  (N) w ere p u t  in  p lace and  
th e  whole assem bly re p laced  in th e  w ater b a th , m ain tained  a t 25±0.01°C. 
The e lec tro d es  w ere co n n ec ted  to  th e  S o lartron  7075 d ig ita l vo ltm eter to 
m easure  th e  p o te n tia ls . F ig . (6 -3 ) .
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6 . 6  RESULTS AND DISCUSSION
Two se r ie s  of m easurem ents w ere made on th e  new experim en tal 
flow cell. In  th e  f i r s t ,  th e  EMF of simple co n cen tra tio n  cells was 
m easu red ,
Ag' /A gCil |MC£' I'm em brane" |MC£" |AgC Jl/Ag"
Sodium an d  po tassium  ch lo ride  so lu tions w ere u se d  w ith  two 
p e rflu o ro su lp h o n ic  acid  m em branes (N afion 125 and  Nafion 117), a po ly ­
s ty re n e  su lphon ic  acid  m em brane (AMF C^^) and  w ith an u n c h a rg e d  
d ia ly sis  m em brane (V isk in g ). B ias p o ten tia ls  betw een p a irs  of e lec tro d es  
in each  half cell w ere n e v e r  g re a te r  th an  0.065 mV. In  p re lim inary  
te s t s  of th e  flow cell, i t  was assem bled w ith a mem brane in p lace and  
id en tica l O.IM KCil on e ith e r  s id e . M embrane p o ten tia ls  u n d e r  su ch  
c ircu m stan ces  shou ld  be zero since th e  cell is e n tire ly  sym m etrical. A t 
zero  flow th e  m easu red  p o ten tia l was n e v e r  g re a te r  th a n  0.03 mV. The 
system  was te s te d  w ith  c o n s ta n t flow s, equal on each side a t th e  
s ta n d a rd iz e d  flow ra te s  u sed  in th e  m easurem ent of th e  experim en tal 
w ork; 100, 200, 300, 500, 700 and  1000 mL min T hese  flows w ere 
re a d  d ire c tly  from Gilmont flow m eters  which had  been  in d ep en d en tly  
c a lib ra te d  and  w ere shown to be rep ro d u c ib le  to ± 1%.
T h ese  nu ll p o ten tia ls  w ere m easured  a t all flow ra te s  and  w ere 
zero  w ith in  th e  lim its ± 0 .1  mV and  w ere s tab le  w ith time o v e r a p e rio d  
of a t le a s t one h o u r . F ig . (6 -3 ) .
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6 .6 .1  S ingle ion p o ten tia l
F o r s ing le  sa lt m easu rem en ts, all so lu tions w ere of A nalar 
q u a lity . T hey  w ere p re p a re d  and  an a ly sed  fo r ch lo ride  u s in g  p o ten tio - 
m etric  s ilv e r n i t r a te  t i tra tio n  and  G ran p lo t a n a ly s is , w hich was accu ra te  
to  0.2%. All m easurem ents w ere made a t 25 ± 0.01°C u s in g  tem p e ra tu re  
co n tro l u n its  in th e  two solution re s e rv o irs  and  th e  main w ater therm o­
s ta t  in  w hich th e  m em brane cell. F ig . (6-1) was p laced .
EMF m easurem ents w ere made a t each of th e  s ta n d a rd  flow
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r a te s  in th e  ra n g e  0-1000 mL min . The flow ra te s  w ere a d ju s ted  and  
k e p t s tea d y  u s in g  fine co n tro l v a lues on th e  so lution outflow from each 
ha lf cell.
Lorim er in h is  test^^^ of th is  hydrodynam ics th e o ry  was unab le  
to  o b se rv e  all of th e  th eo re tic a l fe a tu re s  of a p lo t of th e  EMF of a 
c o n cen tra tio n  cell an d  th e  flow ra te  (Q ). In  p a r t ic u la r ,  a lth o u g h  h is  
ex p erim en ta l p lo ts  of EMF w ere in fa c t lin ea r ag a in s t 1 //Q , th e  slopes 
w ere of th e  w rong s ig n , p o sitiv e  and  n e g a tiv e , r a th e r  th a n  n eg a tiv e  all 
th e  tim e .
In  a d iscu ssio n  w ith him, it  was c lea r th a t  th e  mem brane ce lls  
u se d  in h is  te s t s  w ere of r e s t r ic te d  va lu e . T h e ir major d e fec t was 
f ir s t ly  th a t  th e  flow tu b e  could n o t be  ad ju s ted  so th a t  th e  gap betw een 
its  o u tle t and  th e  m em brane su rface  could  be  v a rie d . The second 
lim itation was th a t  th e  e ffec t of v a ry in g  membrane a rea  (ex p o sed ) was 
n o t m easu rab le . In  h is  cell, b o th  w ere'"'arbitraryly^ fix ed .
In  th e  p re s e n t  cell. F ig . (6 -1) th e  flow tu b e  (0 .7  cm in te rn a l 
d iam eter, i . d . )  could be a d ju s te d  to allow m easurem ent a t d iffe rin g  gaps
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Also b y  f it t in g  a ra n g e  of th re e  in te rc h an g e a b le  m em brane h o ld e rs , th e  
cell cou ld  be u se d  w ith  ex posed  membrane d iam eters 0 .1 , 0 .2  and  0 .3  cm. 
P relim inary  te s t s  show ed th a t  th e re  w ere s ig n ifican t d iffe ren ces  betw een 
th e  0 .1  and  th e  0 .2  and  0 .3  cm m em brane diam eter r e s u l t s . The two 
la rg e r  h o ld e rs  show ed no s ig n ifican t d iffe ren ces  in m easurem ents m ade 
u n d e r  o th e rw ise  id en tica l co n d itio n s , b u t  d iffe red  s ig n ifican tly  from th e  
0 .1  cm d iam eter h o ld e r. T he h o lder w ith 0 .3 cm diam eter exposed  
m em brane was u se d  in all o th e r  w ork. The sm allest a re a  was obviously  
too small to  allow th e  flow p a tte rn s  ex p ec ted  b y  th e o ry . A com parison 
of T able  ( 6- Id ) an d  ( 6- If) show s th e  major e ffec t of u s in g  th e  sm allest 
m em brane a re a  of 0 . 1  cm d iam eter.
T he im pinging  je t of th e  cell solution will be  a ffe c te d  b y  th e  
d is tan ce  betw een  th is  end  of th e  outflow tu b e  an d  th e  m em brane su rfa c e . 
T h is  too was te s te d  and  it  was shown th a t if p laced  a t a d is tan ce  of 
0 .5  to  1 cm from th e  m em brane su rfa c e , th e  system  gave in d is tin g u ish ab le  
r e s u l ts .  T he e ffec t of moving th e  outflow tu b e  back  from 0.5 cm to 1 
cm (from 0 .3  cm d iam eter m em brane h o ld er) is shown in a com parison of 
T able  ( 6- 2b) w ith  ( 6-2 d ) .
A ty p ica l p lo t of cell EMF v e rsu s  flow, Q, (fo r  Nafion 125 
betw een  0.01 and  0.02M KCil) is  shown in F ig . (6 -4 ) . As p re d ic te d  
b y  th e o ry , a p lo t of EMF ag a in s t th e  rec ip ro ca l of th e  sq u a re  ro o t flow 
r a te  (^ / /Q )  was now found  to  be  lin ea r (in  all cases s tu d ie d  h e re )  w ith 
a w ell-d e fin ed  in te rc e p t a t in fin ite  flow (^ //Q , = 0 ), F ig . (6 -5 ) . The 
da ta  of T ab les (6 -1) to  (6-4) w ere an a ly sed  in th is  w ay.
A lin ea r le a s t sq u a re  cu rv e  f it  was u se d  to  obtain  th e  EMF 
e x tra p o la te d  to  in fin ite  flow. Since in most cases  th e se  d a ta  w ere
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o b ta in ed  in sev e ra l s e p a ra te  ex p erim en ts , it  was possib le  to show th a t 
fo r  each  co n cen tra tio n  cell, s lopes w ere rep ro d u c ib le  to  ± 0.3% and  
n e g a tiv e  s lopes (u n lik e  th e  f i r s t  te s ts  b y  Lorim er) w ere of e x p ec ted  
m ag n itu d e . T he an a ly s is  of th e se  d a ta  a re  sum m arised in T ab les (6-5) 
to  ( 6- 8 ) .
T he EMF of a co n cen tra tio n  cell is  g iven  b y , eq n . (6 -7 )
II II II
MC Y+ ag
E = = ( - T ^ )  T K to  [  - f  + T K to  ( - i )  (6-7)
A g  A g  M Y+ a j
w here  K = RT /F
F o r all system s s tu d ie d  h e re , z ^ ,  th e  valency  of th e  cation of
th e  e lec tro ly te  is u n ity . The mean molar ac tiv ity  coeffic ien t may be
(9)ca lcu la ted  b y  D ebye-H ückel e q u a tio n s . T he final osmotic term  in
e q n . (6 -7) can  only be  ev a lu a ted  if th e  tra n s fe re n c e  num ber fo r w ater 
is availab le . T h is  was n o t m easured  in th e se  s tu d ie s , b u t  may be 
estim ated  b y  p re v io u s  th e o ry , which firm ly p re d ic ts  i ts  maximum value 
and  allows fu r th e r  re fin em en t b a sed  on reaso n ab le  a ssu m p tio n s . ^
U sing th is  m ethod th e  maximum value  of T^ is th e  ra tio  of moles 
w ater n^  to  th e  moles of co un terion  n ^ ,  n^/n^^ if a u n iv a len t coun terion
M o r eq u iv a len tly  55.51/m  w here m is th e  in te rn a l molality of th e  
ex ch a n g e r p h a se .
We may ev alu a te  th e  w ater a c tiv itie s  a^ an d  a^ in e q n . (6 -7 ) - 
T h is  may b e  done u s in g  th e  osmotic coeffic ien t, (}) ( H ) .  Such th a t 
£ n a^  = -2m # /55 .51  w here m is th e  molality of so lu tion  and  fo r 0.01009M 
K C £, (j) = 0.9187 an d  fo r G.0201M KC&, ^ = 0.8913. T h e re fo re  th e  final
6 “  1 8
^3te rm s of e q n . (6 -7 ) K iln —p h as  a maximum va lue  of 0.04 mV.
^3
T he  osmotic te rm s am ount to less  th a n  0 .1  mV an d  may in any  case  be 
ig n o re d .
T he t r a n s p o r t  num bers fo r th e  co u n te rio n s  a re  given in 
T ab les  (6 -5) to  ( 6- 8 ) ,  ca lcu la ted  u s in g  eq n . (6 -7 ) .
I t  is seen  th a t  th e  cou n terio n  t r a n s p o r t  nu m b ers  a re  all 
be tw een  0 .9  an d  1 .0 , ex cep t fo r V isking d ia ly sis  m em brane, which has 
no (s ig n ific a n t)  c h a rg e  on th e  polym er. T he u p ta k e  of ions in  th is  
m em brane will be  (alm ost) equal fo r cations and  anions and  th is  is 
re f le c te d  in th e  tr a n s p o r t  n u m b ers .
6 .6 .2  B i-ionic p o ten tia l
B i-ionic p o ten tia ls  w ere m easu red  in th e  flow cell. F ig . (6 -1 ) 
fo r th e  cell sy stem .
A g / A g C S !  I H C V  + K C V  | Nafion 125 | HC£" + K C f  | A gCil/A g" 
0.05M m em brane 0.05 M
v a ria b le  c o n s ta n t
com position re fe re n c e
T he so lu tion  on th e  r ig h t  h an d  side (RHS) of th e  cell, as shown 
ab o v e , was a c o n s ta n t, re fe re n c e  fo r all m easu rem en ts. I t s  com position 
was 0.01215M KC£ > 0.03785M HCJl, and  p ro d u ced  an equal loading  of 
an d  on th e  equ ilibrium  m em brane su rfa ce  (see  C h ap te r  4 ). T h is 
will be  r e f e r r e d  to  as th e  50/50 m em brane o r , in  term s of ionic f ra c tio n s , 
Xr  = 0 .5  = X y . T his re fe re n c e  was chosen  so th a t  when th e  tr a n s p o r t  
n u m b ers  of po tassium  an d  h y d ro g e n  ions in equ ilibrium  m em branes w ere
6-19
d e term in ed , th e ir  va lu es  would re f le c t only th#  ^ re la tiv e  m obilities of the  
two ions since  th e  c o n trib u tio n  of ionic co n cen tra tio n  would be  equal in  
b o th  fo r
b u t
U
t „  =   ( fo r  th e  50/50 m em brane)H
B . I .P . s  w ere m easu red  fo r s ix  so lu tio n s , each  ag a in s t th is
50/50 re fe re n c e . T hese  so lu tions w ere  also chosen  to give ro u n d e d
c o n ce n tra tio n s  in th e  m em brane 100/0 ( th e  p u re  potassium  form in 0.05M
K C £ ), 80/20, 60/40, 40/60, 20/80 an d  0/100 (in  p u re  h y d ro g e n  form in
0.05M H C il). T he B . I .P . s  w ere m easu red  a t flow ra te s  of 100, 200, 300,
_ 2
500, 700 an d  1000 mL min , as b e fo re . The r e s u lts  a re  shown in  F ig . 
( 6- 6 ) an d  T able ( 6 - 9 ) .  T he EMF was tak en  re la tiv e  to th e  re fe re n ce  
e lec tro d e , shown on th e  RHS in th e  f ig u re . T he cell p o te n tia ls  a re  
shown to  b e  re la tiv e ly  c o n s ta n t w ith in c reas in g  flow ra te .  F ig . ( 6- 6 ) .
Since th e  ex trap o la tio n  m ethod, b y  L orim er, u se d  in th e  sing le  
ion m em brane p o ten tia l s tu d ie s  is  n o t app licab le  h e re , th e  B .I .P .  was 
tak en  as th e  EMF of th e  cell a t th e  h ig h e s t flow r a te  ( 1000 mL min ^) a t 
w hich  u n s t i r r e d  la y e r  e ffe c ts  a re  know n to b e  small. T he co n figu ra tion  
of th e  cell was u n ch an g ed  from th a t  u sed  in s ta n d a rd  m easurem ents above, 
fo r s ing le  s a lts , as in F ig . ( 6- 1)
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A p lo t of B . I .P .  a g a in s t th e  v a riab le  so lution com position of 
th e  LHS so lu tion  (e x p re s s e d  as ionic frac tio n  of potassium  in  so lu tion ,
Xr ) is  shown in F ig . (6 -7 ) . In  sec tion  6 .2 .2  and  e q n . (6-12) th e  
B . I . P . ,  E , was shown to be
E = ( i ( , '- f ') = ^  K £n 1 ^ - 1 — ^  K Jin 
'H  [ H]
-
+ T K Jin (gf):} as
w here  K = R T /F
In  th e  above equation  fo r B . I .P .  th e  s u p e r s c r ip ts  ' an d  " 
r e p re s e n t  th e  v a riab le  (LHS) an d  re fe re n c e  so lu tions (R H S ), re sp ec tiv e ly , 
In  d ilu te  so lu tions th e  D ebye-H ückel equation  o r i ts  ex ten d ed  
form (su c h  as D avis equation ) would be ex p ec ted  to give a good 
approx im ation  fo r th e  a c tiv ity  coeffic ien ts   ^ Jl^  ' such
estim ates a c tiv ity  co effic ien ts  defined  only on th e  ionic s t r e n g th  of th e  
so lu tio n . Since in all cases  th is  was 0.05M, th e se  estim ates would all 
p re d ic t  th a t  an d  Yj^q £ a re  equal u n d e r  experim en tal co n d itio n s .
E stim ates u s in g  P itz e r 's  sem i-em pirical m e t h o d ^ f o r  m ixed e lec tro ly te s  
show th a t  a t su ch  low ionic s t r e n g th s ,  Yj^q ^ = '^KCJl th e  lim its
of p rec is io n  of th e  m ethod. I t  is  su ffic ien t th e re fo re  to know th e  
co n cen tra tio n s  of th e  so lu tion  io n s , to  ev alua te  th e  f i r s t  two logarithm ic 
te rm s in  e q n . ( 6- 1 2 ) .
T he th ir d  and  fined osmotic co n trib u tio n  to  th e  B .I .P .  dep en d s 
upon  th e  in te g ra l re fe re n c e  n u m b er, T ^ , an d  th e  w ater ac tiv itie s  
ag an d  a^ in  th e  opposing  so lu tio n s . As n o ted  above, a lth o u g h  no
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m easurem ents have b een  made of th e  e lectro-osm otic  tra n s fe re n c e  
num ber (T ^ ) , i ts  va lue  canno t exceed  55.51/m , w here m is th e  in te rn a l 
m olality of th e  m em brane p h a se . F or th e  Nafion 125 m em brane th is  
p re d ic ts  a maximum value  of T ^ , 9 . 6 6  fo r th e  p u re  potassium  form and  
15.47 fo r th e  p u re  h y d ro g e n  form . S tu d ies  on sim ilar Nafion m em branes 
u sed  in th e se  e a r lie r  s t u d i e s ^  show th a t  th is  estim ate of th e  t r a n s ­
fe ren ce  num ber is  fu r th e r  re d u c e d  b y  a coupling o r s lip - te rm , g, such  
th a t  tg  = 3 (55 .51 /m ) w here ty p ica lly  3 is close to u n ity  fo r Nafion 
m em branes in  th e  po tassium  form an d  ~0.2 fo r th e  h y d ro g en  form . F or 
m ixed ionic fo rm s, as u se d  h e re , in w hich th e  in te rn a l membrane 
m olalities a re  in th e  ra n g e  4-7, we m ight ex p ec t t^  (a n d  hence  Tg) to  be 
in  th e  ra n g e  5-8.
T he final term  of eq n . (6-12) may be  estim ated  th e re fo re  if 
th e  w ater a c tiv itie s , a'g amd a^ a re  availab le . On a f i r s t  o rd e r  estim ation , 
th e o ry  would be ex p ec ted  to be equal since th e  to ta l ionic co n cen tra tio n  
an d  so th e  'o sm olarity ' of th e  two so lu tions in each cell a re  equal.
A lthough  w a ter a c tiv itie s  o r eq u iv a len tly  osmotic co effic ien ts ,
I
( 11 )
(p, a re  n o t availab le  fo r  m ixed H ^/K ^ so lu tions a t 0.05M, those  fo r 0.05M
KCJl an d  0 .0 5M HC£ w ere estim ated  u s in g  P itz e r 's  sem i-em pirical m ethod.
F o r 0 .0 5M K C £, (J) = 0.940 and  fo r 0.05M HC&, (}) = 0.949. From 
£ n a ^  = -2m(|)/55.51 we may ev alu a te  Jln(ag^y^^^ ^^3(KC Jl)  ^ 0.05M, from
th e se  osmotic co effic ien ts . T h is  h as a va lue  of -2  x  0.05 x  0 .009/55 .51 .
I t  is  reaso n ab le  to  assum e th a t  th is  estim ate will be  la rg e r  th a n  any 
en co u n te re d  fo r H ^/K ^ m ix tu res  a t 0.05M, u se d  in th e  experim en tal cells.
A maximum estim ate  of th e  osmotic co n cen tra tio n  to th e  B . I . P . ,  eq n . ( 6- 1 2) 
will th e re fo re  be  0.003 mV, w hich is an  o rd e r  of m agnitude sm aller th an  
th e  e r ro r  of m easu re . I t  was th e re fo re  n eg lec ted .
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E qn . (6-12) may th e re fo re  be  u sed  w ithou t th e  fina l osmotic 
te rm s n e ed e d  fo r a c tiv ity  coeffic ien ts  c o rre la tio n s . Since T „  + = 1,
th e  in te g ra l  t r a n s p o r t  n u m b ers  for potassium  w ere ca lcu la ted  from eq n . 
(6-13)
[K +]'
T h = -------------— , (6-13)
K t o ü L H K ^
[H ] [K ]
w here  K = R T /F .
T he re s u l ts  a re  g iven  in  T able (6-10) . The in te g ra l t r a n s p o r t  
num ber is  th e  in te g ra te d  value  ov er th e  membrane fo r each  cell, u n d e r  
s te a d y  s ta te  co n d itio n s . I t  does n o t app ly  to any  one m em brane com position, 
To ob ta in  an estim ate  of th e  t r a n s p o r t  n u m bers of an d  in 
th e  50/50 m em brane, th e se  in te g ra l t r a n s p o r t  n u m bers w ere p lo tte d  ag a in s t 
th e  mole frac tio n  of po tassium  (X ^) on th e  LHS of th e  m em brane. The 
o th e r  side was alw ays m ain tained  in  th e  re fe re n c e  solution which defined  
a su rfa ce  co n cen tra tio n  of 50/50 ( X r  = X ^ = 0 .5 ) . T he p lo t. F ig . ( 6- 8 ) 
show s th a t  th e  in te g ra l t r a n s p o r t  num bers fall from u n ity  in  th e  p u re  
form s to  ze ro . T h ey  c ro ss  a lm ost-exactly  a t X r  = X y = 0 .5 .
T h is  is  q u ite  u n e x p e c te d . I t  m eans th a t  in th e se  m em branes we 
estim ate  th a t  in  th e  50/50 m em branes w ith equal co n cen tra tio n s  of H an d  K 
in th e  polym er m a trix , each of th e se  ions m igrate  w ith th e  same v e locity . 
T hey  have  equal m obilities in an e lec tric  fie ld . T he ra tio  of the  m obilities 
of H ^/K ^ in  fre e  aq ueous so lu tions is  *^ 6 / 1 .
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Exam ining o th e r  d a ta  so u rces  in th e  l i te ra tu re  p ro v id es  no e ffec t 
of sim ilar m agn itude . Meares^  ^ show ed in  C s^/N a^ m easurem ent of 
t r a n s p o r t  n u m b ers  (b y  d ire c t m e th o d s), th a t  th e  caesium  ion is le ss  mobile 
th a n  th e  sodium ion , an d  concluded  th a t  th e  se lec tive  b in d in g  of caesium  
ion o v e r sodium  ion is  th e  main cau se . Even so th is  e ffec t is small. T he 
small p re v io u s ly  h ig h  mobile p ro to n  is  re d u c ed  to a mobility equal to th a t  
of p o ta ss iu m , w hich is la rg e ly  e ffec tive ly  u n h y d ra te d  an d  re la tiv e ly  s tro n g ly  
b o u n d  in  th e  m em brane.
I t  is  tem pting  to sp ecu la te  th a t th is  common m obility is due to 
p a r tic u la r  fe a tu re s  of th e  mem brane s t ru c tu re  of th e  Nafion p e rflu o ro - 
su lphon ic  acid  m em branes.
T h e re  is  a w idely su p p o rte d  view th a t  th e se  m em branes co n sis t
of is lan d  s t r u c tu r e s  cau sed  by  a t le a s t p a r tia l,  micelle form ation of su lphon ic
( 13)g ro u p s  in  th e  polym er . T hese  'in v e r te d ' micelles w hich con tain  most 
of th e  su lphon ic  acid  g ro u p s , co u n terio n s  and  w a te r , can be  s e p a ra te d  
from  o th e r  m icelles b y  reg io n s  low in w ater an d  io n s , la rg e ly  h y d ro p h o b ic  
p o ly m er.
If  th e re  is  t r a n s p o r t  of ions ac ro ss  th e  m em brane, as h e re , th e n  
th e  ions m ust m igrate  a c ro ss  th e se  h yd rophob ic  reg io n s  a n d , since th e se  
re g io n s  would p ro v id e  p a th s  of h ig h  re s is ta n c e , th ey  would co n tro l th e  
ov era ll m obilities of th e  ions a c ro ss  th e  m em brane. I t  is  tem pting  to 
s u g g e s t th a t  u n d e r  su ch  cond itions an d  in  p a th s  w ithout w a ter ( a t  le a s t 
co n tin u o u s  w ater filled  p a th s )  th e  h y d ra te d  p ro to n  HgO would lose its  
en h an ced  m obility due  to  th e  p ro to n  jump mechanism an d  ap p ro ach  th a t 
of sim ple cation (u n h y d ra te d ) ,  like  po tassium .
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If  su ch  hy d ro p h o b ic  p a th s  w ere lo n g , more th a n  a few 
A n g s tra n s , th e n  th e  exchange  of co u n terio n s  HgO^ an d  would re q u ire  
c o n c u rre n t flow of ch lo rid e , coion.
T h is , a lth o u g h  a minor com ponent in th e  m em brane, would 
th e re fo re  co n tro l th e  ex change  of H ^/K ^ betw een micelles an d  make th e  
m obilities of b o th  an d  HgO equal to  th a t  of th e  exch an g e  ra te  fo r 
ch lo ride  an d  so equal to  one a n o th e r .
F u r th e r  in v e s tig a tio n s  to  te s t  th is  te n ta tiv e  exp lana tion  of 
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T able  (6 -5 ) : Potassium  Ion  In te g ra l  T ra n s p o r t  N um bers in  N afio n -125 
M em branes in  Potassium  C hloride Solutions a t 2 9 8 ,15K
P otassium  ch lo ride  
co n cen tra tio n  s
-1
mol L














0.01009/0.0201 32.65 -1 .320 0.975 32.59±0,01
32.76 -1 .225 0,978 32.72±0.00
32.79 -2 .165 0.979 32.74±0.00
32.74 -7 .766 0.978 32.74±0.06
0.01995/0.0503 39.63 -2 .572 0.912 39,56±0.00
39.58 -2 .071 0,911 39.54±0.00
39.63 -2 .572 0.912 39.48±0.02
0.0496/0.1012 32.09 -1 .188 0.962 32.07±0.02
32.05 -5 .188 0.961 32.08±0.01
32.03 -1 .076 0.961 32.06±0.07
0.01002/0.0503 73,42 -9 .040 0.946 73.16±0.02
73.24 -7 .1 8 9 0.944 73.04±0.05
73.32 -5 .392 0.944 73.18±0,03
At 1000 mL min ^
T able  ( 6- 6 ) :  Potassium  Ion In te g ra l  T ra n s p o r t  N um bers in  AMF C 60
M em branes in  Potassium  C hloride Solutions a t 298 .15K
6-42
Potassium  ch lo ride  
c o n ce n tra tio n s
mol






V m in '
sodium







0.00994/0.0495 71.12 -6 .207 0.920 71.0410.01
71.34 -7 .2 1 4 0.923 71.1810.03
71.07 -5 .331 0.919 71.0010.01
71.07 -5 .3 3 1 0.919 71.0510.01
0.0495/0.1012 31.15 -3 .621 0.934 31.0410.01
31.09 -5 .357 0.935 31.0610.02
31.35 -4 .949 0.940 31.2010.01
0.00986/0.1002 103.11 -1 4 .0 0.937 102.3810.07
103.26 -1 7 .4 0.938 102.7910.03
103.62 -1 8 .0 0.941 102.8910.06
103.62 - 2 0 . 0 0.941 103.0210.01
A t 1000 mL min ^
Table  (6 -7 ) : Sodium Ion In te g ra l  T ra n s p o r t  N um ber in  N a tio n -117
M em branes in Sodium C hloride Solu tions a t 2 9 8 .15K
6-43
Sodium ch lo ride  
c o n ce n tra tio n s
mol L^














0.02986/0.05995 33.53 -5 .128 1.046 ■ —
33.56 -5 .015 1.047 33.47±0.00
33.51 -2 .907 1.045 33.42±0.00
33.67 -4 .347 1.046 33.51±0.00
0.05995/0.10007 24.30 -4 .933 0.740 24.27±0.07
24.23 -3 .840 0.738 24.14±0.03
■ 24.06 -1 .9 1 4 0.733 23.98±0.00
24.08 -3 .161 0.744 24.00±0.00
0.02986/0.1002 56.63 -3 .015 1.005 56.5310.00
56.57 -2 .228 1.004 56.5010.00
56.57 -3 .633 1.004 56.48±0.00
*  1
a t 1000 mL min
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T able  ( 6- 8 ) : Sodium Ion In te g ra l  T ra n sp o r t N um bers in  V isking D ialysis
M em branes in Sodium C hloride Solutions a t 29 8 .15K
Sodium ch lo ride  
c o n ce n tra tio n s
-1
mol L














0.02986/0.05995 14.84 -1 .864 0-46 2 -
14.81 -1 .395 0.461 14.75±0.00
14.71 -1 .853 0.458 14.64±0.01
14.82 -3 .103 0.461 14.70±0.02
0.05995/0.10007 10.29 -0.3983 0.311 10.28±0.00
10.30 -0.5961 0.312 10.29±0.00
10.32 -0.6027 0.312 10.3010.00
10.31 -0.5169 0.312 10,2910,00
0.02986/0.1002 24.65 -3 .146 0.378 24.5510.01
24.70 -3 .301 0.378 24.5910,01
24.72 -3 .657 0.378 24.6310.00
24.73 -3 .141 0.379 24.6410.00
A t 1000 mL min
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F ig u re s  (6 -1 ) a n d  (6-2)
L egend
A Main p a r t  of cell (h a lf  cell shown h e re )
B BIO to  fit flowm eter
C B 10 to  f it e lec tro d e  cham ber
G Flow m eter
H E lectrode  cham ber
D an d  E Two u n its  d esig n ed  to  give freedom  to move th e  
flow tu b e  
I Flow tu b e
F M embrane h o ld er
J  Solution re s e rv o ir
K T herm om eter
L C o n stan t h ead  device
N Ag/AgC& elec tro d e
P G lass coil to  h e a t u p  o r cool th e  so lu tion














6 - 5 0
F ig u re  (6 -3)
Zero v o ltag e  te s t  fo r  th e  cell
A g/A gC il |0 . IM KC£ I m em brane 10. IM K C il|A gC £/A g  
T he  m em brane was N ation 125 p e rflu o ro su lp h o n ic  acid  m em brane 
an d  a c o n s ta n t flow r a te ,  Q, 500 mL min w as m ain tained .
6 - 5 1















6 - 5 2
F ig u re  (6 -4 )
-1
EMF as a fu n c tio n  of flow ra te  of th e  so lu tion  mL min
F ig u re  (6 -5 )
EMF as  a fu n c tio n  of rec ip ro ca l of th e  flow r a te ,  /Q 
M embrane: N ation 125 in K-form
S olu tions: 0.01/0.02M  KCJl
M embrane d iam eter ex p o sed  0 .3 cm.
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F igure  (6 -6 )
A p lo t of th e  m easu red  B . I .P .  fo r a H ^/K ^ system  w ith Nafion 125 
m em brane in w hich th e  to ta l ionic s t r e n g th  in so lution was m aintained 
c o n s ta n t, 0.05M.
T he so lu tion  on th e  RHS was h e ld  c o n s ta n t a t = 0.245 
(Xg. = 0.50) while in  a s e r ie s  of m easurem ents in  w hich th e  LHS 
solu tion  was ch an g ed  p ro g re s s iv e ly , as show n.
9 = 1 . 0 0 (%K = 1 .,0 0 )
Z = .520 (%K = 0 . 80)
A = .300 (%K = 0 . 60)
m = 0.165 (Xr = 0 . 40)
♦ = 0.049 ( X r = 2 0 )
0 = 0 . 0 0 ( X r 0 0 )
T he c o rre sp o n d in g  ionic frac tio n s  of potassium  ion in th e  equilibrium  
su rfa ce  of th e  m em brane a re  shown (X ^) in  b ra c k e ts .  D ata of 
C h a p te r  8 .
-1
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B ' —' ' 03   -45 " -B - -B - i3
-3 6
200 400  600  ■ 800  1000
FLOW RATE {mL min
6 = 56
F ig u re  (6-7)
B . I .P .  fo r H /K sy stem , w ith Nafion 125 m em brane, as shown 
in  T able  ( 6 - 9 ) ,  fo r  maximum flow ra te  1000 mL min T he a b sc issa  
is th e  ionic frac tio n  of in  th e  m ixed H ^/K ^ so lution on th e  LHS of 
th e  cell (a s  shown in th e  t e x t ) ,  m easu red  ag a in s t th e  s ta n d a rd  
re fe re n c e  so lu tio n .











F ig u re  ( 6- 8 )
In te g ra l  t r a n s p o r t  n u m b e rs , T. in Nafion 125 p e rflu o ro su lp h o n ic  
acid  m em brane in  H ^/K ^ m ixed form (X y = X ^ = 0 .5) a g a in s t 















1. K . S o lln er, J .  P h y s . C h em ., 1211 an d  1266 (1949).
2. K. S o lln er, S . D ray , E . Grim and  R . N eihof, in  'Ion  T ra n s p o r t  
A cross M em branes', E d s . H .T . C larke  and  D. N achm ansohn, A cad. 
P r e s s ,  N .Y .,  p . 144 (1954).
3. D . M ackay an d  P . P e a re s , K o ll.-Z e it ., 171, 139 (1960).
4. J .C ,  H ip fn e r, M .Sc. T h e s is , U n iv e rs ity  of W estern O n tario , (1970)
5. C .R . G a rd n e r , P h .D . T h e s is , U n iv e rs ity  of G lasgow , (1970).
6 . C . McCallum, P h .D . T h e s is , U n iv e rs ity  of G lasgow , (1971).
7. J.W . L orim er, E .I .  B o te ren b ro ad  and  J . J .  H erm ans, D iscu ss . 
F a rad ay  S o c . , 2^, 141 (1956).
8 . J .G . Iv e s  an d  G .J . J a n z , 'R eference  E lec trodes , T h eo ry  and  
P ra c tic e ',  A cad. P re s s ,  N .Y ., (1961).
9. H .S . H arn ed  an d  B .B . Owen, 'P hysica l C hem istry  of E lec tro ly tic  
S o lu tio n s ', A m er. Chem. Soc. M onogr. No. 137, Rein ho ld , N .Y ., 
p . 490 (1958).
10. R . P a te rso n , in  Pontificae  Academiae Scientiarum  Scrip  ta  V aria ,
# ,  517 (1976).
11. K .S . P itz e r  and  J . J .  Kim, J .  Am. Chem. S o c . , 96, 5701 (1974).
12. P . M eares an d  A .H . S u tto n , J .  of Colloid and  In te rfac e  S c i . ,
28, 118 (1968).
13. R .S . Yeo an d  A. E ise n b e rg , Poly . P r e p r . ,  16 104 (1975).
CHAPTER 7
D iffusion  an d  P erm eab ility  b y  
th e  Tim e-Lag Method
7-1
7 .1  INTRODUCTION
In  gas d iffusion  s tu d ie s  th e  tim e-lag m ethod is commonly u sed  
to  determ ine  b o th  th e  d iffusion  coeffic ien t and  th e  perm eab ility  of gases 
in polym er m em branes. I t  was f i r s t  u se d  b y  D aynes (1 ) .  T ypica lly  a 
te s t  m em brane is m ounted betw een  two ha lves of an ev acu a ted  cell.
To b eg in  th e  ex p erim en t, gas is adm itted  to one side of th e  cell.
C o n stan t p r e s s u re  is e s ta b lish e d  alm ost im m ediately, defin ing  t - 0 .  The 
q u a n tity  of gas p e rm eating  Q (t) in to  th e  o th e r  ha lf of th e  cell may th en  
be  m easu red  b y  m onitoring th e  p re s s u re  in c rease  in th a t  h a lf w ith tim e. 
T he s te a d y  s ta te  flow Q (t) is  o b ta ined  a f te r  a su ffic ien t le n g th  of tim e. 
From th is  th e  p e rm eab ility , P , is o b ta in ed , e q n . (7-3) an d  th e  
co rre sp o n d in g  d iffusion  co effic ien t, from tim e-lag  T , eq n . (7 -2 ) ,  see 
F ig . (7 -3 ) .
T he m ethod is co n v en ien t, ra p id  an d  re la tiv e ly  a c c u ra te .
Till re c e n tly  (2) it  h as  n o t b een  possib le  to  u se  it fo r membrane 
d iffu sion  p ro c e sse s  in con d en sed  system s in which th e  pe rm ean t was 
d isso lv ed  in  a liq u id . T his was becau se  it is  a te ch n iq u e  w hich d ep en d s  
upon  p ro d u c in g  w ell-defined  b o u n d a ry  conditions a n d , in p a r tic u la r , 
c re a tin g  a sh a rp  co n cen tra tio n  s tep  a t time zero .
In  th is  la b o ra to ry , th e se  problem s w ere overcom e u s in g  a new 
te ch n iq u e  em ploying so lu tion  sp ra y s  (3 ) . A mem brane cell was d esig n ed  
in w hich one side  of a te s t  m em brane was in co n tac t w ith a small volume 
of so lv en t o r te s t  so lu tion . As a p re lim inary  to th e  d iffusion  exp erim en t, 
th e  o th e r  side  of th e  m em brane (w hich was open to th e  a ir) was sp ra y e d  
w ith  th e  same so lv en t o r te s t  so lution and  equilibrium  cond itions w ere
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e s ta b lish e d . To b eg in  th e  experim en t th e  f i r s t  sp ra y  was sw itched  off 
a n d  'sim ultaneously* a second  s p ra y  con tain ing  d iffu sa n t sw itched  on .
In  th is  way a w ell-defined  co n cen tra tio n  s tep  was app lied  to  th e  o u te r  
m em brane su rfa c e  an d  th e  d iffusion  experim en t b eg an  w ith p re c ise  in itia l 
co n d itio n s . In d e p e n d e n t te s ts  show ed th a t  th e  co n cen tra tio n  s tep  could 
b e  made in  le ss  th a n  a te n th  of a second (3) . For e lec tro ly te  d iffu sion  
s tu d ie s  a p a ir  of co n d u c tiv ity  e lec tro d es  w ere u sed  to m onitor ionic 
c o n ce n tra tio n s  in th e  so lu tio n -filled  half of th e  cell as  d iffusion  p ro c e e d s .
B ecause  th e  e lec trica l co n d u ctiv ity  of e lec tro ly te  so lu tions a re  
s tro n g ly  te m p e ra tu re  d ep en d e n t, ca re fu l te m p e ra tu re  co n tro l of sp ra y s  
an d  te s t  so lu tions is r e q u ire d .
S ince th e  major topic of th is  th e s is  is th e  tr a n s p o r t  p ro p e r tie s  
of b i-ion ic  form s of c h a rg e d  m em branes, i t  was decided  to ap p ly  th is  
m ethod to  su ch  problem s (a n d  th e  re la te d  osc illa to ry  wave m ethod (3) , 
n e x t c h a p te r)  to  ob ta in  in te rio n ic  exchange d iffusion  coeffic ien ts  d u rin g  
th e  ion ex ch an g e  p ro c e ss . To evaluate  th e  te ch n iq u e , sa lt d iffusion  
ex p erim en ts  w ere re p e a te d  u sing  V isking d ia lysis  m em branes, NafiLon 125 
p e rflu o ro su lp h o n ic  acid  m em branes an d  AMF C60 su lphonic  acid  ion 
ex ch an g e  m em branes, fo r which a consid erab le  am ount of t r a n s p o r t  da ta  
was know n from p re v io u s  s tu d ie s  in  th is  la b o ra to ry  (4-12) . The la s t 
two m em branes w ere u se d  in m ixed p o ta ss iu m -h y d ro g en  form s in  w hich 
p o ta ss iu m /h y d ro g en  co n cen tra tio n  is 3 /1 .
T he b asic  desig n  of th e  experim en ts  w ith Nafion 125 was to 
determ ine  th e  in  te r  d iffusion  coeffic ien t fo r h y d ro g en  / po tassium  ion , in a 
m em brane in which th e se  ions w ere a t equal c o n cen tra tio n , 50% in each .
7-3
P rev io u s  s tu d ie s  to  determ ine th e  se lec tiv ity  coeffic ien t fo r th is  
ex ch an g e  o v e r th e  complete ra n g e  of load ings (T ab le  (4 -1 ))  defined  th e  
com position of th e  equilibrium  solution re q u ire d . To ob ta in  loading  of 
50% fo r each ion th e  eq u ilib ra tin g  solution was r ic h e r  in h y d ro g e n  ion th a n  
po tassium  since  th is  Nafion 125 p erflu o ro su lp h o n ic  acid  m em brane se lec ts  
po tassium  ion o v e r h y d ro g e n . The sp ra y e d  so lu tions w ere e ith e r  HCil 
o r K C il o r m ixed H /K so lu tions (0.05M) w hich p ro v id e d  w ell-defined  
com positions on th e  o u te r  m em brane su rfa c e . When th e se  w ere made to 
b e  d if fe re n t from th e  in n e r  so lu tion , which m ain tained  a 50:50 load ing  in 
h y d ro g e n  an d  po tass iu m , on th e  in n e r  m em brane su rfa c e , an ion exchange  
d iffu sio n  p ro c e ss  was in itia ted :
+ R S O ^ ' k '*’ K'*’ + R S O ^
P rev io u s  an a ly s is  h ad  shown th a t  th e  exclusion  of ch lo ride  (coion) was 
v ir tu a lly  com plete fo r th e  te s t  so lu tions u sed  h e re , in w hich th e  to ta l 
ionic s t r e n g th  was alw ays 0.05M. Since ch lo ride  is n o t invo lved  in th e  
ex ch an g e  p ro c e ss  u n d e r  th e se  co n d itio n s , it  was p o ssib le  to  follow b y  
m easu ring  th e  e lec trica l co n d u c tiv ity  of th e  cell solution as a fu n c tio n  of 
tim e. C alib ra tion  te s ts  show ed th a t  th e  m ethod was su ffic ien tly  sen s itiv e  
fo r th is  w ork due to  th e  la rg e  d iffe ren ce  in th e  m obilities of h y d ro g e n  and  
potassium  io n s . (T h is , to  a la rg e  d e g re e , was th e  rea so n  fo r th e ir  
choice) . In  a ty p ica l ex p erim en t, co n d u ctiv ity  ch an g es  w ere %5%.
Since th e  co n d u c tiv ity  of th e  e lec tro ly te  is itse lf  te m p e ra tu re  d ep en d en t 
(%^  1% p e r  d e g re e ) , v e ry  ca re fu l te m p e ra tu re  con tro l was re q u ire d , 
p a r tic u la r ly  w ith th e  s p ra y s .
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7. 2 T h eo ry  of th e  Tim e-Lag M ethod
The tim e-lag  m ethod is s ta n d a rd  fo r gaseous d iffusion  an d  so 
i ts  ap p lica tion  to  a liq u id  system  p o sed  only tech n ica l p rob lem s. By 
s p ra y  te c h n iq u e s  th e  so lu tion  in co n tac t w ith th e  o u te r  su rfa ce  may be 
s te p p e d  up o r down sh a rp ly  from th e  equilibrium  value  to a new lev e l, 
w hich if m ain tained  c re a te s  a co n cen tra tio n  s te p . If we assum e th a t  
th e re  a re  no s ig n ifican t u n s t i r r e d  la y e rs  of solution on th e  s ide  be in g  
s p ra y e d  an d  th a t  e ffic ien t s t ir r in g  will rem ove them  effec tiv e ly  in th e  
co llecting  volum e, th e  problem  of im plem entation re d u c e s  to a decision on 
th e  optimum ex p o sed  a rea  fo r th e  m em brane and  th e  size of th e  co llecting  
volume its e lf .
Most ap p lica tio n s  of th e  tim e-lag  m ethod use a m athem atical 
so lu tion  v a h d  fo r an  in fin ite  collecting volum e. In  p ra c tic a l ap p lica tions 
ch an g es  in  p re s s u re  o r co n cen tra tio n  in th e  collecting volume a re  u sed  
to  determ ine  th e  q u a n tity  of pe rm ean t d iffu sed  and  th e se  a re  most easily  
an d  a cc u ra te ly  m easu red  if th e  co llecting  volume is small. T h is  s tr ic t ly  
ir ra tio n a l s itu a tio n  is  norm ally re so lv ed  b y  choosing a co llecting  volume 
w hich , a lth o u g h  fin ite  an d  small enough  to allow a c c u ra te  p r e s s u r e /  
co n cen tra tio n  m easurem ent, also rem ains la rg e  enough  in re la tio n  to  th e  
system  p a ra m e te rs  to  e n su re  th a t  th e  e r ro r s  due to  th e  app lication  of 
th e  in fin ite  volume an a ly s is  to  a lim ited volume system  rem ain accep tab ly  
sm all.
If  a p la n a r  m em brane, a rea  A , th ic k n e ss  Jl, is ex posed  to a 
c o n cen tra tio n  s tep  Ac, th e  q u a n tity  of th a t so lu te w hich will have 
p e rm eated  a t time t ,  Q (t) is approx im ated  b y  eq n . (7-1) (fo r an in fin ite  
co llecting  volume) a t la rg e  times
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Q ( t )  = (7 -1 )
w here D is  th e  d iffu sion  coeffic ien t an d  Ac, th e  d iffe ren ce  in p e rm ean t 
co n cen tra tio n  in th e  m em brane p h ase  from o u te r  to  in n e r  su rfa c e . In  
th e  sim plest ex p e rim en ts , d iffusion  is  a g a in s t so lven t on th e  in n e r  side 
and  Ac becom es sim ply c th e  value  a t th e  o u te r  su rfa c e . The ra tio  
c /c  = a , th e  d is tr ib u tio n  co effic ien t, defined  as th e  ra tio  of m em brane to 
so lu tion  c o n ce n tra tio n s  a t equilibrium  (in  th is  p a p e r  b a r r e d  sym bols 
re p re s e n t  q u a n titie s  in  th e  m em brane p h a s e ) .  From e q n . (7-1) it  is 
obv ious th a t  a p lo t of Q (t) ag a in s t tim e, t ,  will be  lin e a r a t la rg e  tim es 
(w hen  th e  system  is in  a s tead y  s ta te )  an d  have  slope AD Ac/£ and  
in te rc e p t  on th e  time a x is , T , acco rd ing  to eq n . (7-2)
T  = il^ /6D (7-2)
T he lin e a r  p o rtio n  of th e  p lo t, see F ig . (7-3) is o b ta in ed  from th e  slope 
a t tim es 2 .5  t  (1 3 -1 5 ). E q n s . ( 7-1) and  (7-2) w ere o b ta in ed  fo r 
in fin ite  b a th  co n d itio n s . F or most m easurem ents Q (t) is determ ined  by  
m easurem ent of co n cen tra tio n  (o r p re s s u re  fo r gaseous s tu d ie s)  in a 
co llecting  volume of fin ite  volum e, V, since c = Q (t) /V  (a n d  p re s s u re  = 
Q (t)R T /V ).
From th e  slope Q ( t) ,  th e  s tead y  s ta te  flow, J  = Q ( t) /A , defines 
th e  p e rm eab ility , P (E qn . (7 -3 ))
J = D Ac/ i l  = PAc (7-3)
w here
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P = ( D A c / A c ) / i l  (7-4)
(I f  p e rm ean t d iffu se s  a g a in s t so lv en t, eq n . (7-4) becom es P = D a / 9).
I t  is  n e c e s sa ry  to  determ ine th e  system  p a ram e te rs  w hich will 
allow co n fid en t app lication  of th e se  equations fo r  system s w ith fin ite  
co llecting  volum es, V. The p a ram ete rs  of free  choice a re  time t ,  
m em brane a rea  u n d e r  te s t  A, an d  collecting volume V. T hose o v e r w hich 
th e  ex p erim en te r h as  little  o r no con tro l a re  su ch  fa c to rs  as m em brane 
th ic k n e ss  £, an d  th e  p a ram ete rs  to  be  m easu red , d iffusion  coeffic ien t D, 
d is tr ib u tio n  coeffic ien t a , o r p e rm eab ility , P .
T he  lim ited volume problem  may be  so lved  analy tica lly  e ith e r  b y  
u se  of Laplace tra n s fo rm s  o r n o n -o rth o g o n a l sine s e r ie s , as shown in  th e  
A ppend ix  A. 7 .6 . T h is an a ly sis  becom es in d is tin g u ish ab le  from th e  
in fin ite  volum e c a se , if e q n s . (7 -6 ,7 )  a re  sa tis f ie d . In  e q n . (7 -7 ) ,  t^ 
is  th e  u p p e r  time limit fo r ag reem en t, which shou ld  exceed  3t, as d iscu ssed  
b e lo w .
an d
0A9JV «  1 (7 -6)
«  S.V/(aAD) , (7-7)
J e n k in s  e t , ( 15) h av e  given  d iffe re n t cond itions w hich s t r e s s  only 
re q u ire m e n ts  fo r l in e a rity  in  Q (t) v s . t .  In  d esig n in g  ex p erim en ts  aimed 
a t a p rec is io n  of in d iffusion  coeffic ien t an d  p e rm eab ility , th e  
a d ju s tab le  p a ra m e te rs , A an d  V, need  to  be  chosen  to red u c e  oAil/V to 
^  0.01 an d  to in c rease  t^ to ^ 6 t . The f i r s t  lim itation , eq n . (7 -6 ) , is
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th e  more s t r in g e n t .  F o r th e  experim ental d ia ly sis  m em brane oASJV is  
ty p ica lly  0 .005, whüe t^ «3 .10^  s .  F o r sa lt d iffusion  from d ilu te  
so lu tions th ro u g h  ion exch an g e  m em branes eq n . (7-6) p ro v e s  even  le ss  
lim iting since th e  d is tr ib u tio n  coeffic ien t a, is  v e ry  small due to D onnan 
ex c lu s io n .
7 .3  EXPERIMENTAL
7 ;3 ;1  D iffusion cell
T he d iffu sion  cell was made from a re c ta n g u la r  b lock  of P e rsp e x
3
of dim ensions 3.3 x  4 x  8 cm . T h is was d rilled  h o rizon ta lly  and  
v e rtic a lly  to  p ro v id e  two in te rse c tin g  c y lin d e rs . F ig . (7 -1 ) . The 
v e rtic a l one was p lu g g e d  a t th e  bottom  to hold a "Spin fin" s t i r r e r  
(B el A rt)  w hich was d riv e n  m agnetically  from ou ts id e  th e  cell. The 
u p p e r  p o rtio n  of th e  v e rtic a l tu b e  was th re a d e d  and  sea led  w ith a Teflon 
screw  top  w hich he ld  a p a ir  of p la tin ised  platinum  w ires w hich s e rv e d  as 
co n d u ctan ce  e lec tro d e s . The bottom  of th is  screw  top was a hemi­
sp h e rica l hollow to im prove m ixing in th e  cell. I t  also co n ta in ed  a 
cap illa ry  to  a id  th e  rem oval of e n tra p p e d  b u b b le s . T he ho rizo n ta l hole
p a sse d  th ro u g h  th e  b lock . On one s id e . F ig . (7 - lb )  it defin ed  th e
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ex p o sed  m em brane a re a , 0.771 cm , on th e  o th e r it too was th re a d e d  and  
sea led  w ith a Teflon screw , w hich held  two th e rm is to rs , one u sed  as 
te m p e ra tu re  p ro b e  an d  th e  second  as a h e a te r .
The cell, w hich held  a solution volume 2 ml, was b o lted  to  a 
la rg e  P e rsp e x  (sp ra y )  b o x . T he membrane a p e r tu re  was defined  by  
th e  co inciden t holes in th e  cell an d  a flan g ed  tem pla te . F ig . (7 -1 ) .
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7; 3; 2 S p ray  assem blies an d  th e ir  use
T he sp ra y s  u se d  w ere two p lastic  nozzles m an u fac tu red  
b y  Shan don S o u th e rn  P ro d u c ts  L t d . , w hich w ere n o t su b jec t to  co rro sion  
b y  th e  ac id . T hese  w ere o p e ra ted  by  a 30 p s i com pressed  a ir  su p p ly  
w hich was la id  on as  a se rv ice  to  th e  la b o ra to ry . A co arse  sp ra y  of 
so lu tion  was p ro d u c e d  im m ediately when th is  a ir  su p p ly  was co n n ec ted  
to  th e  sp ra y  h e ad s . T he a ir  je t was d ire c te d  a c ro ss  th e  m outh of th e  
tu b e  co n ta in ing  th e  so lu tion  a t r ig h t  an g les  to  i t .  To e n su re  minimum 
delay  in  g e n e ra tin g  th e  s p ra y , a small b u t  s tea d y  tr ic k le  of so lution 
was allow ed to  flow from th e  solution filled  tu b e , when n o t in  u s e .
T he  je t s p ra y  was th e n  form ed imm ediately when th e  com pressed  a ir 
was sw itched  on .
Sw itching from one sp ra y  to a n o th e r was perfo rm ed  b y  a 
small com puter w hich opened  an d  closed  solenoid v a lv e s . The com puter 
system  also p ro v id e d  th e  time b ase  an d  was program m ed to re a d  th e  
e lec trica l co n d u c tiv ity  of th e  cell so lution a t p re s e t  in te rv a ls . The 
s p ra y s  w ere m ounted on ro d s  w hich could  be  wound b ack  an d  fo rw ard  
to  move th e  sp ra y s  n e a re r  or fu r th e r  from th e  face of th e  m em brane.
T h is  was re q u ire d  fo r te m p e ra tu re  co n tro l.
7 .3 .3  Solenoids
T he solenoids w ere m an u fac tu red  b y  R .S . S u p p lies . T hey  
w ere o pened  o r sh u t b y  s ig n a ls  s e n t from a m icrocom puter b y  m eans of 
so ft sw itch es . T he algorithm  fo r sw itch ing  is g iven  in F ig . (7-10) and  
th e  p rog ram  d e riv e d  th e re fro m  is given in A p pend ix  A . 7 .1 . The
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T he com puter h a d  an in b u ilt clock w hich was u se d  as a tim er to sw itch  
th e  so lenoids on an d  off a t p re d e te rm in ed  tim es as  re q u ire d .
7 .3 .4  T em p era tu re  C ontro l
As n o ted  in th e  In tro d u c tio n , a cc u ra te  te m p e ra tu re  con tro l 
of th e  s p ra y s  an d  th e  d iffusion  cell was p a r tic u la r ly  im p o rtan t. The 
req u ire m e n t was n o t so much due to th e  basic  s e n s itiv ity  of th e  m em brane 
d iffu sion  co effic ien ts  to  v a ry in g  te m p e ra tu re , b u t  to  th e  m ethod of 
d e tec tio n . H ere e lec trica l co n d u c tiv ity  was u s e d , an d  d u rin g  a ty p ica l 
exch an g e  d iffu sion  ex perim en t i t  m ight change no more th a n  5%, due 
to  d iffu sio n , b u t  would v a ry  also b y  %^1%/°C fo r a ch an g e  in tem p er­
a tu re .  Since te m p e ra tu re  flu c tu a tio n s  of sev e ra l d e g re e s  could  easily  
o ccu r on sw itch ing  s p ra y s , special a tten tio n  was n eed ed .
C o n sid erab le  ad iaba tic  cooling o c c u rre d  when so lu tions w ere 
s p ra y e d . To c o u n te r  th is ,  2 l i t r e  fla sk s  of s to ck  so lu tions w ere 
m ain tained  a t a su itab ly  h ig h  te m p e ra tu re , %^40°C, in a w ater therm o­
s ta t  p laced  * lm  from th e  sp ra y  je ts . T he so lu tio n -filled  tu b e s  lead ing  
from th e  s to ck  f la sk s  an d  th e  a ir  line to  each sp ra y  w ere also therm o- 
s ta t te d  w ith  h o t w a te r . In  th is  w ay, b y  carefu lly  con tro lling  th e  
te m p e ra tu re  of th e  th e rm o s ta t, th e  d is tan ce  of th e  je ts  from th e  
m em brane su rface  (18 cm) an d  th e  c ircu la tion  of w a te r , i t  was possib le  
to  m aintain th e  je ts  a t 25 ± 1°C and  elim inate any  s ig n ific an t tem per­
a tu re  f lu c tu a tio n  when th e  sp ra y s  w ere sw itched  to  c re a te  th e  
co n cen tra tio n  s t e p . T he sp ra y  te m p e ra tu re s  w ere m easu red  on a 
d ig ita l therm om eter p laced  close to  th e  exposed  m em brane su rfa ce .
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T em p era tu res  in side  th e  cell w ere m easured  b y  a th e rm is to r an d  logged  
on th e  co m p u te r. A te s t  in w hich th e  two sp ra y s  w ere iden tica l p ro v e d  
th e  effic iency  of th e se  m ethods, (F ig . 7 -2 a ,b ) .
7 .3 .5  O pera tion  of th e  D iffusion Cell
T he d iffu sion  cell was assem bled  w ith th e  (b lo tted ) m em brane 
in position  an d  q u ick ly  filled  w ith d eg assed  so lu tion . In  all cases th e  
mem brane h ad  b een  p re -e q u il ib ra te d  w ith th is  so lu tion . T he co n d u c ti­
v ity  e lec tro d es  m ounted in a Teflon screw  p lu g  w ere f i t te d . T he ex cess  
so lu tion  was d isp laced  th ro u g h  a fine cap illa ry  in  th e  p lu g  its e lf . In  
th is  way th e  cell was filled  com pletely an d  co n ta in ed  no a ir  b u b b le s .
The e lec tro d es  w ere p la tin ised  platinum  w ires which w ere p a sse d  th ro u g h  
th e  p lu g  and  cem ented  in p lace . The m em brane su rfa ce  was sp ra y e d  by  
th e  same so lu tion  as  th a t  in th e  cell a t 25°C. Since th e  d iffusion  cell 
was made from  a s ing le  b lock  of P e rsp e x , some d ifficu lty  was fo und  in 
ad ju s tin g  th e  cell so lu tion  to  25°C in itia lly . For th is  p u rp o se  a second  
th e rm is to r was f i t te d . T h is  was u sed  as a small e lec trica l h e a te r .
U sing an  e x te rn a l so u rc e , small c u r re n ts  w ere p a sse d  an d  th e  so lution 
te m p e ra tu re  ra is e d  as r e q u ire d . An in itia l condition of equ ilib rium  was 
e s ta b lish e d . To e n su re  th is ,  th e  solution te m p e ra tu re  and  co n d u c tiv ity  
w ith in  th e  cell w ere m onitored  an d  shown to b e  c o n sta n t fo r a t le a s t 
20 m inu tes b e fo re  sw itch ing  to th e  second s p ra y  an d  s ta r t in g  th e  
e x p e r im e n t.
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7 .3 .6  D ata A cqu isition  and  H andling
T he ex p erim en t was p e rfo rm ed  u n d e r  com puter co n tro l. D uring  
th e  ex p erim en t a PET m icrocom puter m onitored  b o th  th e  co n d u c tiv ity  of 
th e  cell so lu tion  an d  i ts  te m p e ra tu re  a t re g u la r  in te rv a ls , u su a lly  15s, 
b u t  chosen  free ly  as n e ed e d . T he cell co n d u c tiv ity  was m easu red  on 
a W ayne-K err c o n d u c tiv ity  b r id g e  ( ty p e  B905A) to a p rec is io n  of ±0.05%. 
T he co n d u ctan ce  b r id g e  was lin k ed  to  th e  com puter v ia a IEEE 488 
in te rfa c e . T he con tro lling  p rog ram  is lis te d  in A ppend ix  A. 7 .2 . T he 
c o n d u c tiv ity  m easurem ents w ere co n v e rted  to  solution com positions 
u s in g  d a ta  from se p a ra te  ca lib ra tio n  ex perim en ts  (T ab le  (7 -6 ) ) .  In  
m ost ex p erim en ts  sev e ra l h u n d re d  com positions and  tim es w ere co llec ted . 
T hese  w ere t r a n s f e r r e d  from th e  PET com puter, w here th e y  w ere s to re d  
on m agnetic ta p e , to A pple 11+ com puter w here th e y  w ere t r a n s fe r r e d  
to  d isk  s to ra g e . In  th is  form th e y  w ere su itab le  fo r p lo ttin g  on a 
d ig ita l p lo t te r  (W atanabe D ig ip lo t) , p r in t in g , an d  p ro c e ss in g . In  th is  
case  le a s t- s q u a re  lin e a r  c u rv e  f i t t in g . T he s ta n d a rd  p ro g ram s u sed  
fo r th e se  p ro c e sse s  a re  g iven  in A ppend ices A. 7 .3 , A . 7.4 an d  A. 7.5.
7. 4 T e s t of th e  System
A m em brane was clam ped in to  th e  d iffusion  cell (F ig . (7 -1 ) ) . 
T he  co n d u c tiv ity  an d  te m p e ra tu re  of th e  so lution w ithin th e  d iffusion  
cell was m onito red . T he m em brane was f i r s t  sp ra y e d  w ith a solution 
a t a co n cen tra tio n  equal to  th a t  in th e  filled  cell, u n til th e  system  was 
shown to  b e  a t therm al an d  chem ical equ ilib rium . I t  was th e n  consecu­
tiv e ly  sp ra y e d  a t equal tim es w ith solution A an d  solution B . The
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cell so lu tion  an d  th e  sp ra y e d  so lu tions A an d  B w ere id en tica l.
T yp ical r e s u l ts  a re  shown in F ig s . ( 7 - 2a) an d  (7 -2 b ) .
7 .5  RESULTS AND DISCUSSION
D ata w ere C ollected  b y  C om puter
C om puters a re  capable of ra p id  calcu la tions an d  can  s to re  
la rg e  am ounts of d a ta . P ro b ab ly  one of th e  most im p o rtan t fe a tu re s  is 
th e ir  ab ility  to  com m unicate w ith th e  o u ts id e  w orld b y  accep tin g  codified  
e lec trica l s ig n a ls  from m easuring  dev ices o r s e n so rs .
In  th e  d iffusion  cell, th e  conductance, G n eed ed  to be  m easured  
a t time in te rv a ls ,  which th e  com puter can do b y  m onitoring th e  
co n d u ctan ce  th ro u g h  an in te rfa c e d  co n d u ctiv ity  b r id g e . Time was 
g e n e ra te d  b y  a rea l-tim e  clock in th e  com puter and  th e  r e s u l ts  can be 
s to re d  an d  reca lled  fo r fu r th e r  calcu lation  or fo r p lo ttin g  p u rp o s e s , as 
re q u ire d . T hese  d a ta  w ere re q u ire d  to  t r a n s fe r  from th e  PET com puter 
w here th e y  w ere co llected  an d  s to re d  on m agnetic tap e  to  A pple 11+ 
com puter w here  th e y  w ere t r a n s f e r r e d  to  d isk  s to ra g e . In  th is  form 
th e y  w ere su itab le  fo r p lo ttin g  on a d ig ita l p lo tte r  (W atanabe D ig ip lo t) .
A sample of raw  re s u l ts  is shown in T able (7 -1 ) .
7 .5 .1  Salt D iffusion
T he  tim e-lag  m ethod was te s te d  b y  de term in ing  sa lt d iffusion  
th ro u g h  u n c h a rg e d  V isking  d ia ly sis  m em brane, u s in g  a co n cen tra tio n  
s tep  wave ( i .e .  sp ra y  w ith d is tilled  w a ter an d  th e n  sp ra y  w ith sa lt 
so lu tio n ). To m easure  th e  sa lt flow of sodium ch lo ride  so lu tion , th e
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mem brane was p laced  in  d is tilled  w ater w hich f re q u e n tly  ch an g ed  fo r
sev e ra l days p r io r  to  be ing  u se d  in th e  ex p erim en t. T he m em brane was
p laced  in  th e  cell an d  sp ra y e d  w ith d is tilled  w ater and  th e  co nductance
in th e  co llecting  volume was co n tinuously  m onito red , only w hen i t  had
s ta y e d  c o n s ta n t fo r a p e rio d  of th e  same o rd e r  as th e  time fo r w hich
th e  m em brane was sp ra y e d  w ith sa lt so lu tion . The ru n  was s ta r te d  b y
sp ra y in g  th e  m em brane w ith  sa lt so lution (0.05M N aC £). A fte r  a
su ffic ie n t p e rio d  of time a p se u d o -s te a d y  s ta te  condition was o b ta in ed
an d  co n d u ctan ce  in c re a se d  lin ea rly  w ith tim e. T his lin e a r  p o rtio n  c u t
2
th e  time ax is a t x = i  / 6D (e q n . (7 - 2 ) ) ,  an d  from th is  c u t-o ff  (know ing
th e  m em brane th ic k n e ss , & cm ), th e  d iffusion  co effic ien t, D , can be
fo u n d . R esu lts  from th e se  ru n s  are. g iven  in Table (7 -3 ) . The
re s u l ta n t  d iffu sion  co effic ien ts  w ere rep ro d u c ib le  to  ± 10%. A com puter
sim ulation of a c tu a l ex p erim en ta l r e s u l ts  was ru n  u s in g  d a ta  fo r a
V isk ing  d ia ly sis  m em brane o b ta in ed  from an experim en tal r u n  (T able
(7 - 2 ) ) .  T h is  sim ulation was com pared w ith th e  experim en tal ru n  itse lf
an d  th e  r e s u l t  shown in F ig . (7 -3 ) .
E a rlie r w ork done on th e  same V isking  d ia ly sis  m em brane (2)
a t  0.13M potassium  ch lo ride  gave d iffusion  co effic ien t, 2 .75 x  10 ^
2 - 1cm . s , com pared w ith w ork w hich u se d  0.05M NaC& an d  g ives
- A 2 - 1
2.95 X 10 ° cm ^.s .
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7 .5 .2  In te rio n ic  D iffusion
In te rio n ic  d iffusion  of H ^/K ^ in commercial e lec tro -d ia ly s is  
io n -ex ch an g e  m em branes. Two m em branes w ere u s e d , th e  f i r s t  be in g  
AMF C^Q g ra f t  copolym er m em brane, m an u fac tu red  b y  A m erican Machine 
a n d  F o u n d e r y  C om pany, S p rin g d a le , C o n n ec ticu t, U .S .A . T his 
m em brane is  p re p a re d  from lo w -d en sity  p o ly e th y len e , con tain ing  35% 
s ty re n e  (su lp h o n a ted ) an d  up to 2% d iv in y lb en zen e . T he second  
m em brane was th e  p e rflu o ro su lp h o n ic  acid  m em brane (E .I .  du  P on t de 
N em ours an d  C o .) ,  w here th e  co-ion u p ta k e  in 0.05M m ixed HC£ + KC£ 
so lu tion  is  < 1%. T he ionic exchange  p ro c e ss  th e re fo re  is solely fo r 
c a tio n s , e q n . (7-8)
+ ROSO, K'*’ ROSO_ H'*' + K ’*’ (7-8)
■j 2 ^
When th e  m em brane, co n tac tin g  on th e  in n e r  side w ith a m ix tu re  
(0.025M HC£ + 0.025M KC5,) is sp ra y e d  from th e  o u te r  side w ith e ith e r  
0.05M HC& o r 0.05M K C &, th e  co n d u c tiv ity  in th e  collecting volume will 
e ith e r  r is e  o r fa ll, depend ing  on w h e th er th e  exch an g e  is in d irec tio n  
1 (g av e  Djjjç-) o r 2 (g av e  D ^ y ) as defined  b y  e q n . (7 -8 ) an d  F ig s . 
(7 -4 ) ,  (7 -5 ) .
From th e  tim e-lag  r u n s , g ra p h s  of conductance  G a g a in s t 
time w ere o b ta in ed . F ig s . (7-6) and  (7 -7 ) , w hich b y  u s in g  e q n . (7-2) 
im m ediately gave th e  d iffusion  co effic ien t, D . T he slope could 
b e  c o n v e r te d  from conductance  p e r  second to  r a te s  of change  of 
c o n ce n tra tio n , To ach ieve th is  we re q u ire d  to ca lib ra te  th e  cell
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o v e r th e  com plete ra n g e  of co n cen tra tio n s  u se d .
A se r ie s  of s ta n d a rd  m ix tu res of HC£ + KC£ so lu tions a t a 
to ta l co n cen tra tio n  of 0 .0 5M w ere p re p a re d  u s in g  p re c ise  co n d u c tiv ity  
m easurem ents (T ab le  (7 - 6 ) ) .  A lin ea r re la tio n sh ip  of co n d u c tan ce , G 
to  th e  com position of X y in th e  solution was o b ta in ed  (F ig . (7 -9 ))  from 
th e  slope an d  th e  in te rc e p t . We can u se  th e se  da ta  in th e  ac tu a l cell 
to  de term ine  th e  q u a n tity  of ions ex ch an g ed , as follows:
G = m c ^  + c (7-9)
w here  G is th e  co nductance  in mmho, m th e  slope, c ^  th e  HC£ 
co n cen tra tio n  in th e  m ixed so lution and  c a c o n s ta n t.
E quation  (7-9) may be  re a r ra n g e d .
G -  G° = m (Cjj -  c °  ) (7-10)
w here  G° an d  c „  3-re th e  conductance  an d  co n cen tra tio n  of HCÜ in th e  
r l
s ta n d a rd  so lu tio n . D ividing eq n . (7-10) b y  G °, we o b ta in .
^ ^  ( ' a  -  ' a )G u
D iffe re n tia tin g  e q n . (7-11) w ith re s p e c t to  t ,  we o b ta in .
= m* ^  (7-12)
d t
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w here  m* = w hich shou ld  b e  in d ep en d en t of th e  cell u se d .
E qn . (7-12) now becom es.
f  = m* G° ^  (7-13)
Since all ex p erim en ts  w ere co n d u cted  a t 0.05M to ta l ionic s t r e n g th .
+ <=K = 0.05 (7-14)
d c  dc
- d T  +
T h e re fo re  th e  flu x  of ions in  th e  s tead y  s ta te  fo r  each ion is equal in 
m agnitude b u t  opposite  in s ign  (d irec tio n )
\T
Qh  = - a r  - Gg. = - d F  • ^
w here  V is  th e  cell volum e, since th e  s tead y  s ta te  flu x  th ro u g h  th e  
m em brane is
f = Qy ' (7-16)
T he flu x  d e n s ity , J  can  be o b ta in ed  (know ing th e  cell volum e, V 
an d  th e  m em brane ex posed  a re a . A) , e q n . (7 -1 7 ).
d  ^ T J  y
J  . I  (7-17)
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We may solve fo r —g p  from eq n . (7-13) an d  s u b s ti tu tin g  eq n . (7-17) 
we o b ta in ed
J = f  • Â (7-18)m Lr
w here  G° is  th e  condu ctan ce  of th e  re fe re n ce  so lution 50/50 and  
th e  ex p erim en ta l slope of F ig s . (7-6) an d  (7 -7 ) . From th e  flu x  in th e  
s te a d y  s ta te ,  J ,  we can  ob tain  th e  perm eab ility  an d  d iffusion  coeffic ien t 
as  follows:
P = J /A c  (7-19)
D = —  (7-20)
A c
w here & is  th e  m em brane th ic k n e ss  in  cm.
T ypical experim en tal r e s u l ts  a re  shown in F ig s . (7 -6 ) an d  
(7 -7 ) ,  re sp e c tiv e ly . T hese  g ra p h s  show a c o n s ta n t lin ea r s te a d y  in itia l 
c o n d u c tan ce . T he sw itch ing  on of th e  second sp ra y  so lu tion  to  s ta r t  
th e  d iffu sion  r u n  is  in d ica ted  b y  a line s tro k e  on th e  time ax is  (t= 0 ) .
To determ ine  t, e q n . (7 -2 ) ,  th e  in te rc e p t of th e  two lin e a r p o rtio n s  of 
th e  g ra p h s  was re q u ire d .
A sh o r t  com puter p rog ram  was w ritten  w hich in c lu d ed  a 
lin e a r le a s t sq u a re  f it tin g  ro u tin e , (A ppend ix  A . 7 .5 ) . By in sp ec tio n  
of th e  p lo tte d  d a ta , su itab le  p o rtio n s  w ere chosen  to  re p re s e n t  th e  b e s t  
lin e a r reg io n s  an d  from th e  m ark of sw itch ing  of th e  second  sp ra y  
(t=0) an d  th e  in te rc e p t g ives T. T he re s u lta n t  was u se d  d irec tly  to
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ob ta in  th e  d iffu sion  co effic ien t, e q n . (7 -2 ) ,  an d  th e  slope ^  was 
p ro p o rtio n a l to  th e  ch an g e  in th e  re la tiv e  co n cen tra tio n  of an d  
in  th e  ce ll, w hich is re q u ire d  to c o n v e r t from mmho p e r  second  to 
mole p e r  seco n d .
A w ealth  of experim en tal r e s u l ts  has b een  co llected  fo r th e se  
m em brane system s an d  is  given in T ab les (7-4) an d  (7 -5 ) . T he av e rag e  
of th e se  a re  re p ro d u c ib le  to  ± 3-8%.
E a rlie r in t e r  ionic d iffusion  ru n s  done on N af ion 125, when th e  
m em brane, sp ra y e d  w ith 0.05M K C £, eq n . (7 -8 ) , and  its  in n e r  su rface  
in c o n tac t w ith a m ixed so lution of 0.025M HCÜ + 0.025M KC5, (w hich
"4*gave u n eq u al loading of H and  K ions in th e  m em brane, i . e . ,
= 0.25 an d  X ^ = 0 .7 5 ). The re su ltin g  in te rio n ic  d iffusion  coeffic i-
-7  2 -1  - 7e n t, , was 5.42 x 10 cm s (± 0.20 x  10 ) w hile, when sp ra y e d  w ith
0.05M HCil an d  i ts  in n e r  su rfa ce  in  co n tac t w ith th e  same solution
-7  2 - 1(a s  above) th e  d iffusion  co effic ien t, , was 6.51 x  10 cm s (± 0.11 x
-7
10 ) ,  (T ab le  (7 - 5 ) ) .  The two d iffusion  coeffic ien ts  w ere n o t ex p ec ted
to be  equal in th e se  two exp erim en ts  since th e  mem brane was s tu d ie d  
w ith  q u ite  d if fe re n t load ings of an d  ions.
F o r th e  main ex perim en t we chose to eq u ilib ra te  th e  N af ion
m em brane w ith 0 .0 12M KCil + 0.038M HCil, a t a to ta l co n cen tra tio n  of 
0.05M, w hich gave equal loading of and  ions in th e  mem brane 
p h ase  (X y = X ^ = 0 .5 ) . T h is  com position was o b ta in ed  from c o rre sp ­
onding  equilib rium  da ta  fo r HC£ + KC£ exchange  on Nafion membrane 
p re v io u s ly  o b ta in ed  (C h a p te r  4, Table (4 -1 ) , F ig . (4 -1 ) ) .
A t equilibrium  th e  cell an d  sp ra y  so lu tion  w ere of th is  
s ta n d a rd  com position. To perform  a d iffusion  ex p erim en t, th e  f i r s t
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s p ra y  was sw itched  off an d  th e  second  sp ra y  im m ediately tu rn e d  on.
T he sw itch ing  o v e r a t th e  m em brane su rface  was % 0. I s .  S evera l su ch  
s p ra y  so lu tions w ere em ployed since th e  d iffusion  flu x  is , as o b se rv ed  
ab o v e , d ep en d e n t on th e  m em brane com position. T hese  s p ra y  so lu tions 
w ere su ch  as would g ive a H^/K ^ loading  on th e  o u te r  mem brane 
su rfa ce  in th e  r u n .  F ig . (7 -1 1 ). " 80/20; 60/40; 50/50;
40/60; 20/80; 0/100.
Since all so lu tions w ere m ix tu res  of HC£ + KC£ a t to ta l 
co n ce n tra tio n s  of 0.05M, th e  m em brane con ta ined  only an d  ions 
(co -io n  u p ta k e  of ch lo ride  was neg lig ib le) .
F or conven ience  an d  c la r ity , fu r th e r  re fe re n ce  to a p a r tic u la r  
so lu tion  will be  g iven  solely  as Xy o r X^^, th e  ionic frac tio n s  of h y d ro g en  
ion in th e  so lu tion  and  m em brane re sp e c tiv e ly .
T yp ical r e s u l ts  of th is  experim en t w ere shown in Table (7 -7 );
av e rag e  d a ta  of 4-6 ru n s  fo r each solution u sed  gave T, to g e th e r  w ith
s ta n d a rd  dev iation  re p o r te d .
T he s tr ik in g  fe a tu re  of th is  experim en t is th a t  a lth o u g h  th e re
is a co n sid e rab le  sw elling on co n v ertin g  from th e  to  fo rm s, th e
in te rio n ic  d iffu sion  coeffic ien ts  and  a re  equal an d  re la tiv e ly
c o n s ta n t, 2.70 x  10 ^ cm^ s  ^ (±  0.04 x  10 ^ ) , F ig . (7 -8 ) . I t  is  
no tab le  also from  e a r lie r  ex p erim en ts  on Nafion 125 mem brane a t u n eq u al 
loading  of an d  ions (X y = 0.25 an d  X ^ = X ^ ( s o lu tio n ) ) , th a t  
th e  in te rio n ic  d iffusion  coeffic ien ts  and  a re  no t equal th e n .
T able  (7 -5 ) ,  an d  th a t  th e ir  v a lues a re  almost double th e  in te r  d iffusion  
co effic ien ts  o b ta in ed  h e re  from th e  tim e-lag when th e  in n e r  membrane 
su rfa ce  was equally  loaded  w ith H an d  K io n s . T he p erm eab ility , P ,
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e q n . (7-19) is also re la tiv e ly  c o n s ta n t, while ca lcu la ted  in te r  d iffusion  
co e ffic ien ts , e q n . (7 -2 0 ), w ere in v e ry  poor ag reem en t w ith th a t  
o b ta in ed  d ire c tly  from th e  tim e-lag , e q n . (7 -2 ) , a p a r t  from th a t  a t 
Xr  = 0 w hich a g re e d  v e ry  well. Table (7 -7 ) .
T hese  d a ta  o b ta in ed  from th e  tim e-lag  m ethod will be com pared 
w ith  th e  o sc illa to ry  m ethod in C h ap te r  8 .
T h e re  is  l ittle  o r no com parable d a ta  in th e  l i te re a tu re  on th e se  
m em branes. Wül (16) h a s  s tu d ie d  brom ine (B r^ ) d iffusion  in Nafion 
m em branes fo r v a ry in g  polym er eq u iv a len t w eight m em brane p re tre a tm e n t 
an d  so lu te  c o n ce n tra tio n . T he e lec tro ly te s  u sed  in th e se  exp erim en ts  
w ere 2M ZnB r^ an d  4M N aB r so lu tio n s , th e  B r^  be ing  th e  p redom inan t 
brom ine spec ies  in su ch  m edia, a lth o u g h  m olecular brom ine (B r^) would 
a p p e a r  to  b e  re sp o n sib le  fo r t r a n s p o r t  a c ro ss  th e  m em brane. T he
m easu red  d iffu sion  co effic ien ts  of B r^  fo r Nafion 125 m em brane a re
-7  2 -1  - 8  2 -11.78 X 10 cm s and  6 .2  x  10 cm s , a t room te m p e ra tu re .
T he va lu es  of D in c re a se d  w ith d ecreasin g  eq u iv a len t w eigh t 
of th e  polym er an d  w ith d ecreasin g  solution c o n cen tra tio n . T his would 
s u p p o rt  th e  view th a t  m em brane w ater co n ten t is  an im p o rtan t fa c to r in 
d e term in ing  m em brane d iffusion  coeffic ien ts .
T he d iffusion  coeffic ien ts  and  so lub ilities of h y d ro g e n , oxygen  
and  n itro g e n  w ere exam ined u s in g  tim e-lag  m ethod ( 17) in d r ie d  Nafion 
125 m em brane. I t  was found  th a t  th e  acid  form w hich co n ta in ed  more 
w a ter th a n  po tassium  form , h ad  low er gas so lub ilities  an d  g re a te r  gas 
d iffu s it iv itie s  th a n  K -form .
T he d iffusion  coeffic ien t value fo r K -form  Nafion was sm aller 
th a n  th a t  for. acid  form . T hese  com parisons show th a t th e  data  ob ta ined
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b y  th e  tim e-lag  m ethod may be  u se d  fo r m em brane c h a rac te riz a tio n  in 
liq u id  en v iro n m en ts  in m uch th e  same way as i t  h a s  b een  app lied  
tra d itio n a lly  fo r gas d iffusion  an d  perm eab ility  s tu d ie s .
Table (7 -1)
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~ X — 1 (ohm, cm )
30 7 . 0 6 E - 0 3 758 7*, 0 4 4 5 - 0 3
45 7 . 0 5 8 E - 0 3 7 7 3 7 , 0 4 4 5 - 0 3
60 7 . 0 5 7 E - 0 3 7 8 8 7 , 0 4 5 5 - 0 3
75 7 , 0 5 7 5 - 0 3 8 0 3 7 , 0 4 3 5 - 0 3
90 7 , 0 5 8 5 - 0 3 8 1 9 7 , 0 4 3 5 - 0 3
105 7 , 0 5 7 5 - 0 3 8 3 4 7 , 0 4 5 5 - 0 3
121 7 , 0 5 9 5 - 0 3 849 7 , 0 4 4 5 - 0 3
136 7 , 0 5 6 5 - 0 3 8 6 4 7 , 0 4 3 5 - 0 3
151 7 , 0 5 6 5 - 0 3 8 7 9 7 , 0 4 2 5 - 0 3
166 7 , 0 5 5 5 - 0 3 8 9 5 7 , 0 4 3 5 - 0 3
181 7 , 0 5 7 5 - 0 3 9 1 0 7 , 0 4 3 5 - 0 3
196 7 , 0 5 6 5 - 0 3 9 2 5 7 , 0 4 3 5 - 0 3
211 7 , 0 5 7 5 - 0 3 940 7 , 0 4 2 5 - 0 3
2 2 6 7 , 0 5 4 5 - 0 3 9 5 5 7 , 0 3 9 5 - 0 3
2 4 2 7 , 0 5 5 5 - 0 3 9 7 0 7 , 0 3 6 5 - 0 3
257 7 , 0 5 4 5 - 0 3 9 8 6 7 , 0 3 4 5 - 0 3
2 7 2 7 , 0 5 2 5 - 0 3 1001 7 , 0 2 8 5 - 0 3
287 7 , 0 5 3 5 - 0 3 1 016 7 , 0 2 2 5 - 0 3
3 0 2 7 , 0 5 2 5 - 0 3 1031 7 , 0 1 8 5 - 0 3
3 1 8 7 , 0 5 2 5 - 0 3 1047 7 , 0 1 4 5 - 0 3
333 7 , 0 5 4 5 - 0 3 1 0 6 2 7 , 0 0 7 5 - 0 3
3 4 8 7 , 0 5 5 - 0 3 1077 6 , 9 9 9 5 - 0 3
3 6 3 7 , 0 5 1 5 - 0 3 1092 6 , 9 9 4 5 - 0 3
3 7 8 7 , 0 5 1 5 - 0 3 1107 6 , 9 € 7 E - 0 3
3 9 4 7 , 0 5 1 5 - 0 3 1123 6 , 9 7 7 5 - 0 3
4 0 9 7 , 0 4 9 5 - 0 3 1 13 8 6 , 9 7 1 5 - 0 3
4 2 4 7 , 0 5 5 - 0 3 1153 6 , 9 6 2 5 - 0 3
439 7 , 0 4 9 5 - 0 3 116 8 6 , 9 5 3 5 - 0 3
454 7 , 0 4 7 5 - 0 3 11.84 6 , 9 4 6 5 - 0 3
4 7 0 7 , 0 5 5 - 0 3 1199 6 , 9 3 9 5 - 0 3
4 8 5 7 , 0 4 9 5 - 0 3 1214 6 , 9 3 1 5 - 0 3
5 0 0 7 , 0 4 8 5 - 0 3 122 9 6 , 9 2 3 5 . - 0 3
5 1 5 7 , 0 5 5 - 0 3 1245 6 , 9 1 5 5 - 0 3
5 3 0 7 , 0 4 7 5 - 0 3 126 0 6 , 9 0 5 5 - 0 3
5 4 5 7 , 0 4 7 5 - 0 3 T275 6 , 8 9 9 5 - 0 3
561 7 , 0 4 7 5 - 0 3 1290 6 , 8 9 3 5 - 0 3
5 7 6 7 , 0 4 8 5 - 0 3 1305 6 , 8 8 5 5 - 0 3
591 7 , 0 4 7 5 - 0 3 1321 6 , 8 7 7 5 - 0 3
6 0 6 7 , 0 4 6 5 - 0 3 1336 6 , 8 6 6 5 - 0 3
621 7 , 0 4 6 5 - 0 3 1351 6 , 8 6 1 5 - 0 3
6 3 7 7 , 0 4 8 5 - 0 3 1366 6 , 8 5 4 5 - 0 3
652 7 , 0 4 7 5 - 0 3 1381 6 , 8 4 7 5 - 0 3
6 6 7 7 , 0 4 5 5 - 0 3 1397 6 , 8 3 9 5 - 0 3
682 /  , 0441" - 0 3 14 12 6 , 8 3 5 - 0 3
..":)97 7 , 0 / i- ■•• 0 3 1427 6 , 8 2 6 5 - 0 3
7;i 3 7 , 0461. "03 1442 6 , 8 1 9 5  03
7 2 8 7 » 0 4 61;: 0 3 1457 6 , 8 1 1 5 - 0 3
74 3 7 , 0 4 2 5 - 0 3 1472 6 , 8 0 3 5 - 0 3
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T able (7-2)
T yp ical exp erim en ta l p a ram e te rs  fo r th e  d iffusion  cell an d  V isking  
d ia ly sis  m em brane, w ith  sodium ch lo ride  as d iffu sa n t.
D iffusion coeffic ien t 
fo r sodium ch lo ride
D 2.95 X 10 ^ cm^ s ^
M embrane th ic k n e ss £ 0.0195 cm
Cell o u tp u t volume V 2.064 cm^
A rea of m em brane 
ex p o sed
A 0.771 cm^
D is trib u tio n  coeffic ien t 
fo r sodium ch lo ride
a 0.75
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T able  (7 -3)
D iffusion coeffic ien t an d  s tea d y  s ta te  flu x es  o b ta in ed  from th e  tim e-lag  
m ethod u s in g  V isking  d ia ly sis  m em brane. T he d iffu sa n t was 0.05M 
NaC£ a g a in s t w a ter in th e  cell. Two exp erim en ts  w ere c a r r ie d  o u t.
Tim e-Lag Salt D iffusion 
C oeffic ien t
S teady  S ta te  
F lux  of Salt
D is trib u tio n




2 - 1cm s X 10
*^NaC£
1 "2 - 1  -^6  mol cm s X 10
a = ^/c
21.5 2.93 5.63 0.75
21.5 2.93 5.30 0.70
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Table (7-4)
E xperim en ta l r e s u l ts  o b ta in ed  from th e  tim e-lag  m ethod b y  u s in g  
su lphon ic  acid  m em brane; th ic k n e ss  = 0.031 cm an d  a rea  = 0.771 cm^; 
th e  d iffu sa n ts  w ere 0.05M KC£ and  0.05M HC£ ag a in s t 0.025M HC£ + 
0.025M KC£ in th e  cell; to ta l co n cen tra tio n  is equal to 0.05M
D iffusan t 0 .05M KC£
No. of E xp . Tim e-Lag D iffusion C oeffic ien t
T ^KH




av e rag e  2.55 ± 0.05 3%
D iffu san t 0 .05M HC£
No. of E x p . Tim e-Lag D iffusion C oeffic ien t
T °H K





av e rag e  3.24 ± 0.09 6 %
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Table (7-5 )
E xperim en ta l r e s u l ts  ob ta in ed  from th e  tim e-lag  m ethod on Nafion 125 
m em brane; th ic k n e ss  = 0.0141 cm and  a rea  = 0.771 cm^; th e  d iffu sa n ts  
w ere 0.05M KC£ an d  0.05M HC£ ag a in s t HC£ + KC£ (HC£ = KC£ = 0.025M) 
in th e  cell (X ^  = 0 .2 5 ); to ta l co n cen tra tio n  is equal to 0.05M
D iffu san t 0.05M KC£
No. of E x p . Tim e-Lag D iffusion C oeffic ien t
T D _ _KH





av e rag e  5.42 ± 0.20 8%
D iffu san t 0.05M HC£
No. of E xp . Tim e-Lag D iffusion C oeffic ien t
T HK




a v e rag e  6.51 ± 0.11 3%
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T able (7 -6 )
E lec trica l c o n d u c tiv ity  m easurem ents a t d iffe re n t HC£ + KC£ com position
(to ta l co n cen tra tio n  0.05M)
C o n cen tra tio n  of 
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F ig u re  (7 -1)
D iagram  of sp ra y  d iffusion  ceU
Legend 
M M embrane
Sb S ides of th e  sp ra y  box
E C o n d u c tiv ity  E lec tro d es
S t M agnetic s t i r r e r
T h  T h erm isto r ( te m p e ra tu re  p ro b e)
EF T h erm isto r (h ea tin g  p ro b e )
Mg M agnet
Te F lan g ed  tem plate  defin ing  m em brane a rea  ex p o sed




F ig u re  (7-2) a an d  b
T e s t to  show th a t  no te m p e ra tu re  o r co n d u c tiv ity  flu c tu a tio n s  
o c c u rre d  on sw itch ing  betw een  sp ra y  A an d  sp ra y  B . T he cell 
so lu tion  an d  th e  sp ra y e d  so lu tions A an d  B w ere id en tica l (HC£ + KC£) 
(a) an d  (b ) show th e  co rre sp o n d in g  p lo ts  of te m p e ra tu re  an d  e lec trica l 
c o n d u c tan ce , re sp e c tiv e ly .
CONDUCTIVITY (ohm ^cm ^)xlO^ TEMP. (OC)
O) m Ol fNj rsJ r\) N N
• • • cn cn
4k cn O) cn VI CD Lf^
m
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F ig u re  (7-3)
A p lo t of co n d u c tiv ity  w ithin th e  collecting volume as a func tion  
of tim e, following th e  estab lish m en t of a co n cen tra tio n  s tep  ( A ) .
T hese  d a ta  w ere o b ta in ed  w ith  a V isking d ia ly sis  m em brane, th ic k n e ss
3
0.0195 cm, cell co llecting  volume 2.0638 cm , an d  ex posed  m em brane 
2a re a  0.771 cm . T he co n cen tra tio n  s tep  was 0.05M NaCil a g a in s t
w a te r . From th e  tim e-lag , T, eq n . (7 -2) and  slope, = 2.95 x
- 6  2 - 110 cm s an d  a = 0.75 w ere o b ta in ed . T he com plete ex perim en t 
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F ig u re s  (7 -4 ) an d  (7-5)
T yp ical ex p erim en ta l r e s u l ts  o b ta in ed  b y  th e  tim e-lag  m ethod, 
u s in g  sp ra y e d  e x te rn a l so lu tio n s , 0.05M HCil an d  0.05 K C £, 
re s p e c tiv e ly . T he m em brane was N ation 125. T he m em brane 
com position on th e  in n e r  su rfa c e , facing  th e  collecting volume was 





























F ig u re s  (7 -6 ) an d  (7 -7)
T yp ical ex p erim en ta l r e s u l ts  o b ta in ed  b y  th e  tim e-lag  m ethod, 
u s in g  0.955 an d  0.47 mole frac tio n  of HC£ in th e  sp ra y e d  e x te rn a l 
so lu tion  w hich h ad  a t to ta l co n cen tra tio n  0.05M, made up  w ith K C£. 
T he m em brane was Nafion 125 p e rflu o ro su lp h o n ic  acid  m em brane.
T he m em brane com position on th e  in n e r  su rfa c e , facing  th e  collecting 
volume w as X y = X ^ = 0.5 (H ^  = 50/50). T he th ic k n e ss  =
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F ig u re  (7 -8)
A p lo t of coup led  d iffusion  co effic ien t, * ^.nd f lu x , J ,
a g a in s t mole frac tio n  of HCil in  th e  sp ra y e d  so lu tion . T otal 
c o n c e n tra tio n , 0.05M u s in g  Nafion 125 p e rflu o ro su lp h o n ic  acid  
m em brane. With equal load ing  (X y = X ^ = 0 .5 ) . T he th ic k n e ss  
0.0142 cm, m em brane ex p o sed  a rea  = 0.771 cm^ and  volume =
2.32 cm^.
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cm^s X 10 s X 10 ^










F ig u re  (7-9)
A lin e a r  re la tio n sh ip  o b se rv ed  betw een e lec trica l co n d u c tiv ity  
an d  com position fo r HCil + KCJl so lu tio n s , w ith to ta l co n cen tra tio n
0.05M, a t  25°C.
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Figure  (7 -11)
+   +S k e tch  of ex ch an g e  d iffu sio n  of H /K a c ro ss  Nafion 125 m em brane in
m ixed HCJl + KCil so lu tion  of to ta l ionic s t r e n g th  0.05M (X „ = X „ = 0 .5)
r i
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CHAPTER 8
D eterm ination  of th e  D iffusion  C oeffic ien t by  
C o n cen tra tio n  Wave M ethod
5-1
8 .1  INTRODUCTION
In  n e tw o rk  therm odynam ics, m em branes a re  d e sc rib e d  in term s 
of g e n e ra lise d  re s is to r s  an d  cap ac ito rs  (1 ) . T hese  re f le c t th e  ab ility  of a 
m em brane b o th  to d iss ip a te  pow er an d  to s to re  chemical e n e rg y  in te rn a lly  
in each  local volume d u rin g  t r a n s p o r t  p ro c e sse s . F or q u a n tita tiv e  
m odelling, th e  m em brane is su b d iv id ed  concep tua lly  an d  m athem atically 
in to  hom ogeneous "lumps" o r s lices , each  c h a ra c te r iz e d  b y  its  own r e s i s t ­
ance an d  cap ac itan ce . The accu racy  of q u a n tita tiv e  modelling of d iffusion  
p ro c e sse s  d ep en d s  upon th e  d eg ree  of re ticu la tio n  of th e  lum ped model; 
s ince th e  model ap p ro ach es  ev e r more closely to  a t ru e  continuum  of s ta te s  
as th e  nu m b er of lum ps (n) is in c re a se d .
As an exam ple, to  model a mem brane w hich was ex posed  on one 
side to  a sou rce  of c o n s ta n t e ffo r t , SE, (d e fin ed  b y  a c o n s ta n t chemical 
p o ten tia l of th e  perm ean t) an d  con n ec ted  to  a c losed  (hom ogeneous) volume 
of so lution (o r gas) on th e  o th e r (d e fin ed  b y  a chemical c a p a c ito r ,C | ) ,  we 
may u se  a bo n d  g ra p h . F ig . ( 8- la ) or an  eq u iv a len t c irc u it .  F ig . ( 8- l b ) .  
T hese  a lte rn a tiv e  re p re se n ta tio n s  show a 3-lump model of th e  m em brane. 
(T h e  b o n d  g ra p h  n o ta tio n , a lth o u g h  le ss  fam iliar, is th e  more pow erfu l fo r 
m odelling com plex, coup led , t r a n s p o r t  phenom ena (1 -3 ) .
For a system  w hich obeys F ick 's  law s of d iffusion  it  is conven­
ie n t to  u se  a p seu d o -sy s tem  in which local e f fo r ts  (p ro p e r ly  de fin ed  as 
chem ical p o ten tia ls) may be  re p laced  b y  co n cen tra tio n s  ( 4 ,5 ) .  I t  was 
shown th a t  th e  chem ical re s is ta n c e , R , fo r each  lump of an n-lum p model 
of a m em brane (d e fin ed  b y  F ick 's  law) is g iven b y  eq n . (8 -1 ) , an d  th e  
c o rre sp o n d in g  cap ac itan ce , C , is defined  b y  th e  lump volum e.
h  2
R = ^/DA a n  (8-1)
C — oA/^/n (8—2)
In  th e se  eq u a tio n s  it  was assum ed th a t  th e  m em brane was 
r e g u la r ,  of a re a . A , an d  th ic k n e ss  Ü, and  h a d  a d iffusion  co effic ien t, D, 
d e fined  b y  F ic k 's  f i r s t  law . (T he d is tr ib u tio n  co effic ien t, a, was 
in tro d u c e d  ( 5) to define th e  co n cen tra tio n  of th e  equ ilibrium  so lution as 
a common e ffo rt in all p h a s e s ) .
T hese  n e tw o rk s  may be  u sed  algorithm ically  (2 ,4 ,5 )  to  com pute 
th e  system  dynam ics of a m em brane assem bly fo r any  experim en t o r 
m em brane, in w hich bo n d  g rap h  p a ram e te rs  an d  in itia l cond itions a re  
de fin ed  (4 -6 ) . For su ch  simple cond itions as d e sc rib e d  h e re  i t  is  only 
n e c e s sa ry  to  know th e  geom etry of th e  mem brane / so lu tion  system  an d  th e  
d iffu sion  coeffic ien t and  d is tr ib u tio n  coeffic ien t of th e  m em brane invo lved  
( u n s t i r r e d  la y e rs  of solution may be  t re a te d  as add itional lum ps) . T hese  
m ethods a re  of p a r tic u la r  in te re s t  fo r sim ulation of m em brane p ro c e sse s  
an d  a re  easily  ex p an d ed  to  deal w ith m ulticom ponent, coupled  t r a n s p o r t ,  
in c lu d in g  e n e rg y  tra n sd u c tio n  ( 6 ) .
T he form al analogy betw een a n e tw ork  therm odynam ic bond  
g ra p h  an d  an e lec trica l c irc u it . F ig . (8 -1 ) , h as led  u s  to re -exam ine  th e  
in v e rse  p rob lem , th a t  of membrane c h a ra c te r is a tio n . With th e  c irc u it 
an d  b o n d  g ra p h  re p re se n ta tio n s  c lea rly  in m ind, i t  is  obv ious th a t  all 
s ta n d a rd  m easurem ents of mem brane t r a n s p o r t  a re , in e lec trica l te rm s,
DC m ethods and  ty p ica lly  involve fixed  d riv in g  fo rces  ( th e  e ffo r ts  of 
n e tw o rk  th e o ry ) an d  s tea d y  s ta te  m easurem en ts. In  p a r t ic u la r ,  th e
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m em brane s c ie n tis t  lack s  pow erfu l AC m ethods u se d  ro u tin e ly  to  in v e s tig a te  
e lec trica l c ir c u itry . Note th a t  th e se  "DC" models h av e  b een  u se d  ea rlie r 
in  C h ap te r  7 to  sim ulate th e  tim e-lag  b eh av io u r of th e  m em branes d u rin g  
sa lt d iffu s io n . F ig . (7 -3 ) .
U sing m athem atical models an d  b o n d  g ra p h  sim ula tions, we se t 
o u t to  exam ine th e  system  dynam ics of a simple m em brane assem bly  
c o n sis tin g  of a (co n cen tra tio n ) so u rc e , a m em brane, an d  a co llecting  
v e s se l, as  re p re s e n te d  in  F ig . ( 8- la  ),when th e  sou rce  of co n cen tra tio n  is 
o sc illa ted  w ith a fix ed  freq u e n cy  an d  am plitude . From th e  p ro p e r tie s  of 
th e  analogous e lec trica l c irc u it. F ig . ( 8- l b ) ,  we would ex p ec t th e  m em brane 
to a c t as an AC f il te r , re d u c in g  th e  am plitude an d  cau sin g  p h ase  sh if ts  in 
th e  em ergen t w aves (d e te c te d  in th e  term inal c ap ac ito r/co lle c tin g  volum e). 
In  p re v io u s  w ork ( 7 ), a v a r ie ty  of co n cen tra tio n  wave fo rm s, freq u e n c ie s  
an d  am plitudes w ere te s te d .  From th e  re s u l ts  i t  becam e obvious th a t ,  
w ith  c o rre c t selec tion  of experim en tal co n d itio n s , d iffu sion  coeffic ien ts  
m ight b e  o b ta in ed  d ire c tly  (an d  re p e titiv e ly ) from th e  p h ase  sh if t  of th e  
em ergen t co n cen tra tio n  w ave. On th e  b a s is  of th e se  m athem atical m odels, 
a p p a ra tu s  was d e sig n ed  an d  new p ro c e d u re s  w ere d ev ised  to  perfo rm  su ch  
ex p erim en ts  in th e  la b o ra to ry . To a s s is t  w ith th e  d esig n  of m em brane 
cells an d  experim en ta l con d itio n s , com puter sim ulations w ere made, u s in g  a 
m ultilum ped v e rs io n  of th e  bo n d  g ra p h . F ig . ( 8- l a ) .  T hese  p re d ic te d  
th e  ev o lu tio n a ry  p a th  of exp erim en ts  to  a s tea d y  s ta te  of oscillation (a  
re q u irem en t of th e  m athem atical models) an d  e n su re d  th a t  cell volumes 
an d  o th e r  geom etric fa c to rs  in th e  p ro p o sed  cell d e sig n s  would n o t cause 
un accep tab le  dev iations from th e  m athem atical p re d ic tio n s , w hich w ere 
lim ited , a t  le a s t in itia lly , to in fin ite  co llecting  volum es, V .
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In  th e  c o u rse  of th is  re s e a rc h  we d isco v e red  some in te re s t in g
p re c e d e n ts  fo r  th e  u se  of fo rced  o sc illa tio n s, in  s tu d ie s  on therm al 
o
d iffu sio n , b y  A ngstrom  ( 8 ) ,  Thom son (L ord  K elvin) (9 ) ,  an d  more 
re c e n tly  in gas d iffusion  ( 1 0 ) .
8 , 2 M athem atical Models
The m em brane is co n sid e red  to  be  ex p o sed  on one side  to 
fo rce d  oscilla tions in th e  co n cen tra tio n  of th e  co n tac t so lu tion  an d  to  be 
co n n ec ted  to  th e  o th e r  to  a c losed  re s e rv o ir  o r co llecting  volum e, V , 
w hose in itia l co n ce n tra tio n , c° , is th e  mean co n cen tra tio n  of th e  ingo ing  
w ave. I t  is  assum ed also th a t  th e  m em brane is in equ ilib rium  w ith its  
c o n tac tin g  so lu tions a t all tim es, an d  th a t  (if  th e  m em brane is in th e  
form of a clam ped sh ee t)  "edge e ffec ts"  can be  n e g lec te d  ( 1 1 , 12 ) .
F ic k 's  law s a re  assum ed w ith c o n s ta n t d iffusion  co effic ien t, D. A 
f u r th e r  sim plification is th e  assum ption  th a t  th e  co llecting  volum e, V , 
is  e ffec tiv e ly  in fin ite . In  p ra c tice  th is  is  n o t a se v e re  lim itation .
F ig u re  ( 8-2) show s th e  co n cen tra tio n  in th e  o u tp u t volume fo r th e  th re e  
wave form s of sq u a re  w ave, cosine wave an d  tr ia n g u la r  w ave, r e s p e c t­
iv e ly  on th e  face of th e  m em brane. T h ere  is a s ig n ific an t lo ss  of 
am plitude on th e  em ergen t co n cen tra tio n  wave while th e  p h ase  sh if t does 
n o t ch an g e .
8 .2 .1  C osine Waves
T he fundam ental re sp o n se s  to  a cosine wave w ere co n sid e red  
in itia lly . T he wave form an d  b o u n d a ry  cond itions fo r a so lution of 
F ic k 's  law s w ere , e q n s . (8-3) and  (8 -4 ) . In  e q n . (8-3) th e  source  of
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e ffo r t ,  SE, a t any  tim e, t ,  is defined  as th e  co n cen tra tio n  of pe rm ean t
a t th e  su rfa ce  of th e  mem brane (x  = 0) ,  d e fined  b y  th e  cosine fu n c tio n ,
w hich o sc illa tes  ab o u t a mean c o n c e n tra tio n , cP , w ith  a f req u e n cy  of 
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Ü)ra d  s . In te rfac ia l equilibrium  is assum ed . With th e  add itional 
assum ption  of an  in fin ite  hom ogeneous ( s t i r r e d )  co llecting  volum e, V , 
i ts  co n ce n tra tio n , c^, is  c o n s ta n t an d  s e t equal to  th e  m ean, cP , e q n . 
(8 -4 ) . T h is  is o b ta in ed  a t th e  opposite  m em brane face (x  = Z)
SE = c = c [1 + cos(ü)t)] a t X = 0 (8-3)
a n d
c  ^ = cP a t X = £ (8-4)
In  th is  model th e  q u a n tity  of p e rm ean t, q^ (m ol), t r a n s fe r r e d  
in to  th e  (in fin ite ) co llecting  volum e, is o b ta in ed  as a fu n c tio n  of tim e. 
Once in itia l t ra n s ie n ts  have  decay ed , th is  is  g iven  b y  eq n . (8 -5 ) .
T h is  was o b ta in ed  as a solution of F ick 's  second  law of d iffu sio n , b y  
th e  s ta n d a rd  te ch n iq u e  of sep a ra tio n  of v a riab le s  ( 12 ) ,  u n d e r  th e  
b o u n d a ry  cond itions spec ified  b y  e q n s . (8-3) an d  (8-4)
q^ = B(w) cos[w t + (j)(w) -  tt/ 2] + q^ (8-5)
w here B(w) is  th e  am plitude of th e  em erging w ave, de fin ed  b y  eq n . 
( 8- 6)
B(io) -  K g c° D{2[cosh(2KJi.) -  cos(2KX )]}
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an d  [(j)(cjo) -  tt/Z] is  th e  p h ase  change  betw een  in p u t an d  o u tp u t w aves, 
eq n . (8 -7)
CnhS)^ + I
In  e q n s . (8 -6) an d  (8 -7 ) , K = [o)/(2D )]^
From e q n . (8 -6 ) , it  is c lea r th a t  th e  p h ase  ch an g e  of th e  
em erg en t w ave is defin ed  b y  only th re e  p a ra m e te rs , th e  freq u e n cy  of 
th e  in p u t w ave, th e  m em brane th ic k n e ss  an d  th e  d iffu sio n  co effic ien t, 
e q n . (8 -7 ) .  T he co rre sp o n d in g  am plitude, e q n . (8-6) is  a more 
com plicated fu n c tio n  an d  d ep en d s  add itionally  upon th e  d is tr ib u tio n  
coeffic ien t of th e  d if fu sa n t, a , and  th e  membrane a re a , A . T hese  
an a ly se s  w ere made u n d e r  th e  sim plifying assum ption  th a t  th e  co llecting  
volume was in fin ite . Solutions w ere also ob ta in ed  fo r fin ite  system s 
(7 ) .
U n d er cond itions w here th e  co llecting  volum e, V , is  f in ite  
an d  e q n s . (8 -5 ) ,  (8-6) and  (8-7) rem ain v a lid , it  is  co n v en ien t to  
define  th e  d isp lacem ents an d  am plitude of th e  co rre sp o n d in g  c o n c e n tra t­
ion w aves b y  d iv id ing  e q n s . (8-5) an d  (8-6) b y  V .
I t  is  c lea r from eqn'. (8-5) th a t  th e  q u a n tity  of p e rm ean t o r , 
a lte rn a tiv e ly  i ts  c o n ce n tra tio n , c  ^ = q^/V  ., will o scilla te  w ith  th e  same 
fre q u e n c y  as th e  fo rc in g  w ave, e q n . (8 -3 ) , b u t p h ase  sh if te d  b y  an 
am ount w hich d ep en d s  upon  th e  d iffusion  coeffic ien t an d  m ight be  u sed  
to  determ ine  th is  in te s t  m em branes u n d e r  la b o ra to ry  co n d itio n s .
B ond g ra p h  sim ulations (2 ,3 ) w ere made fo r a ra n g e  of common 
m em branes ex posed  to  cosine co n cen tra tio n  w aves in cells w ith v a rio u s
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co llecting  volum es, V , an d  ex p o sed  m em brane a re a s .
T he choice of am plitude an d  freq u e n cy  fo r th e  in p u t 
c o n cen tra tio n  wave d e term ines b o th  th e  p h a se  sh if t an d  th e  am plitude 
of th e  em erg en t w ave. F or a cc u ra te  de term in a tio n s  we re q u ire  th a t  
th e  p h ase  ang le  e q n . (8 -7 ) , be  la rg e , fav o u rin g  th e  app lication
of h ig h  f re q u e n c ie s . T he am plitude of th e  em ergen t w ave, B (w )/V
(e x p re s s e d  as a c o n c e n tra tio n ) , is  i ts e lf  f req u e n cy  d e p en d e n t, b u t  in 
th e  o p p osite  s e n se . I t  te n d s  to  zero ra p id ly  as f req u e n cy  is  in c re a se d . 
T he p ra c tic a l limit to  experim en tal f req u e n cy  is th e re fo re  th e  se n s itiv ity  
of th e  m ethod u sed  fo r d e tec tion  of th e  w ave. Since m em brane p a ra ­
m eters  a re  s tro n g ly  co n cen tra tio n  d ep en d en t it is n o t p ra c tic a l to  use  
la rg e  co n cen tra tio n  oscilla tions; once more th e  most u se fu l app lication  
of th e se  m ethods ap p ea re d  to be  d ire c t and  re p e ti t iv e  m easurem ents of 
d iffu sion  co effic ien ts  from th e  p h ase  s h if t .  F or ty p ica l mem brane 
cond itions la rg e  p h ase  sh if ts  w ere p re d ic te d  fo r oscillations w ith p e rio d s  
in th e  ra n g e  10-1000 sec which w ere su ffic ien tly  long to en co u rag e  u s  
to  c o n s id e r g e n e ra tin g  co n cen tra tio n  w aves u sin g  m icrocom puter con tro lled
equ ip m en t. E xperience  h as  shown th a t  p ra c tic a l freq u e n c ie s  a re  of th e  
2
o rd e r  of D /£ w hich is ,  in tu r n ,  equal to  th e  rec ip ro ca l of th e  p ro d u c t 
RC fo r a 1-lump b o n d  g ra p h  model e q n . (8 -1) (2 ) .  In  fre e  re sp o n se  
th e  re lax a tio n  time of th e  1-lump mem brane T  = R C /4  =5-^/4D ( 1 ,5 ) ,  while 
b re a k th ro u g h  tim es fo r d iffusion  equal il ^ /6D . I t  is  th e re fo re  c lear th a t  
th e re  is  an  in tr in s ic  time b a se  fo r  a mem brane ( ^  RC) an d  th a t  o u r 
choice of f re q u e n c y  shou ld  re f le c t th is .
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8 .2 .2  S q u are  Waves
A lth o u g h  perfo rm ing  sinuso idal o scillations in co n cen tra tio n  b y  
ingen io u s  u se  of co n tro lled  sy r in g e s  is fe a sib le , b y  fa r  th e  most 
co n v en ien t wave form is th e  sq u a re  w ave, w hich may be  o b ta in ed  u s in g  
s p ra y s ,  as d e sc rib e d  below .
A solu tion  fo r sou rce  oscillations in th e  form of a s q u a re  wave 
was sim ilar to th o se  g iven  above. T he b o u n d a ry  cond itions w ere as 
b e fo re  ex cep t th a t  th e  so u rc e , SE, was now a sq u a re  wave re p re s e n te d  
b y  a F o u rie r  s e r ie s , e q n . (8 -8 ) . T he co rre sp o n d in g  s tea d y  s ta te  
oscilla tions (a lso  as a summation) a re  g iven  b y  e q n . (8 -8)
( n - l ) / 2
SE = c° { 1 + -  I    cos(nM t) j  ( 8-8)
n = l , 3 , 5 , . . .  "
T he sym bols h ave  th e  same sign ificance as b e fo re  b u t  now 
(|)(nw) is th e  value  of (j)(03) fo r th e  n th  c o n tr ib u to ry  wave of e q n . (8 -8 ) , 
a n d  sim ilarly  fo r B (ncü). The re s u l ts  a re  shown in F ig . (8 -3 ) . Once 
more an  in fin ite  collecting volum e, V , was assum ed . Since it was shown 
(7) th a t  th e  two so lu tions e ffec tiv e ly  coincide when /2DAoiK/ci)V ( (  !•
F or th e  te s t  system  th is  fu n c tio n  was 0.002 and  the  change  in cj), even 
fo r a co llecting  volume of 2 mL, as u sed  in th is  w ork , was only 0 .09°.
T hese  p re d ic tio n s  w ere v e rified  b y  bond  g ra p h  sim ulations.
The calcu la tions w ere perfo rm ed  using  th e  m ethods d e sc rib e d  ea r lie r
fo r th e  SE-C  model ( 3 ,4 ) ,  b u t  now u sin g  th e  co sine , sq u a re , o r o th e r  wave 
e x p re ss io n s  fo r SE, as above. Lum ped models w ere c o n s tru c te d  acco rd in g  
to  th e  m em brane an d  cell p a ra m e te rs  of th e  model to  b e  p re d ic te d  and  
re s is ta n c e s  an d  cap ac itan ces  defined  b y  eqn  s . (8-1) an d  (8 -2 ) . T he s ta te  
space  eq u a tio n s  w ere in te g ra te d  num erically  to  sim ulate th e  ex perim en t an d  
p ro v id e  p re d ic tio n s  of p e rm ean t co n cen tra tio n  as a fu n c tio n  of time in th e  
co llecting  volum e. I t  is w orth  n o ting  th a t  th e  whole ex perim en t was 
m odelled in c lu d in g  th e  in itia l p e rio d  in w hich tra n s ie n ts  e x is t .  A dditional 
inform ation  as to th e  outcome of ex p erim en ts  w ith  o th e r  wave form s or th e  
time d e p en d e n t p ro file s  of pe rm ean t co n cen tra tio n  a c ro ss  th e  m em brane a re  
o b ta in ed  easily  from th e  same b o n d  g ra p h , as a m a tte r of c o u rse .
8 .3  On O bta in ing  th e  D iffusion C oeffic ien t from th e  E xperim ental 
P hase  S h ift
T he d iffusion  coeffic ien t canno t be  o b ta in ed  d ire c tly  from th e  
co n cen tra tio n  wave d e tec te d  in th e  co llecting  volum e. F ig , (8-4) . T h is is 
b ecau se  th e  equation  (su c h  as eq n . (8 -10 )) w hich g ives co n cen tra tio n  in 
te rm s of th e  experim en tal p a ram ete rs  inc lud ing  D, th e  d iffusion  coeffic ien t 
can n o t b e  in v e r te d  to  give D fo r a g iven  co n cen tra tio n . We m ust th e re ­
fo re  solve fo r D b y  an ite ra tiv e  p ro c e ss .
T he co n cen tra tio n  in th e  in fin ite  volume fo r a g iven  freq u e n cy  an d  
d iffu sion  coeffic ien t is
w here  th e  fu n c tio n  0 is
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1 + /2a*DKe'^‘^ ^^
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F or th e  case of th e  sq u a re  wave th e  co n cen tra tio n  will be  a summation of 
th e se  te rm s fo r  d if fe re n t va lu es  of w, g iven  ex p lic itly  b y  e q n . (8-10)
e e + 0 (n)
Now th e  experim en tal conditions have  b een  chosen  so th a t  th e
in fin ite  volume model holds to  a good approx im ation . T his m eans th a t  th e
p h ase  of th e  co n cen tra tio n  will dep en d  on a only  v e ry  w eakly an d  th e
am plitude will b e  alm ost a lin ea r fu nc tion  of a. T h u s , th o u g h  th e  p ro c e ss
g iven  h e re  fo r fin d in g  D fo r a g iven  co n cen tra tio n  a t a given time u ses
th e  fin ite  volume so lu tio n , if a  is n o t know n, th en  it can sim ply be  p u t
equal to  1 an d  th e  volume be  assum ed la rg e . T he com puter program m e u se d
will th e n  f in d  th e  value  of D b y  u s in g  in e ffec t th e  in fin ite  volume so lu tion .
A lte rn a tiv e ly , approx im ate  v a lues of a  an d  th e  re a l volume may b e  u se d
(a s  in fa c t was done w ith  th e  experim en tal re s u l ts  o b ta in ed  in th is  c h a p te r ) .
B asically  th e  p rogram  ob ta in s  th e  d iffusion  coeffic ien t b y
calcu la ting  th e  co n cen tra tio n  fo r a g iven  value of D a t two tim es: th e  time
a t w hich th e  p eak  was o b se rv ed  t^ ^ ^  and  a second  time s lig h tly  g re a te r
th a n  t  . When th e  co n cen tra tio n  fo r th e  second  time is  com puted to  be exp  ^
g re a te r  th a n  th a t  fo r th e  f i r s t ,  we have  ju s t  p a sse d  th e  p e ak , an d  th e  
value  of D w hich g ives th is  condition  is th e  t ru e  veilue. D is co n stan tly
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s te p p e d  down u n til th is  h a p p e n s . (N ote th e  in itia l va lue  of D m ust be 
la rg e r  th a n  th e  t ru e  value) . T he flow c h a r t  fo r th e  p rog ram  is g iven  
in F ig . (8-5) an d  fu ll d e ta ils  inc lud ing  th e  p rog ram  a re  g iven  in A ppend ix  
A .8.
A f i r s t  approxim ation  to  D can be  fo und  b y  co n sid e rin g  only 
th e  f i r s t  term  in th e  sq u a re  wave summation fo r th e  in fin ite  volume 
an a ly tica l so lu tio n . We h av e  th a t
w hich is  f u r th e r  sim plified to
0 = -K Z
Æ  s- = [ ( t ___ /T )2 ir]-ir/42D exp
w here  0) t  = - ( $  -  ^ /4 ) .exp
F ig . (8 -4) show s how t  is  defined , °  exp
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8.4  EXPERIMENTAL
In  th is  c h a p te r  an  a lte rn a tiv e  means to m easure  th e  d iffusion
coeffic ien t u s in g  th e  same Nafion 125 p e r  flu o r osu lphonic  acid  m em brane 
60an d  C /^  su lphonic  acid  m em brane. in he tero ion ic  H ^/ fo rm s, was te s te d .
T he same equ ipm ent an d  experim en tal te ch n iq u es  as those  
developed  in C h ap te r  7 w ere u se d . T h ree  sp ra y s  w ere re q u ire d  in s te a d  
of tw o, an d  in th e  p re lim in ary  s ta te  th e  m em brane was sp ra y e d  w ith 
co n c e n tra te d  c° , equal to  th a t  in th e  filled  cell. Once th is  system  was 
in  therm al (a n d  chem ical) equ ilib rium , as in d ica ted  b y  s tead y  te m p e ra tu re  
an d  co n d u c tiv ity  re a d in g s , th e  experim en t was b eg u n  b y  sw itch ing  
betw een  th e  HCJl an d  KCJl a t 0.05M each  while th e  mean co n cen tra tio n  
of HCil + KG il in th e  collecting volume was k e p t a t 0.G5M, (HCil = KG il = 
0.025M ). A flow c h a r t  of th e  sw itch ing  p rogram  is g iven  in  F ig . (8 -5 ) .
8 .5  RESULTS AND DISCUSSION
T he osc illa to ry  m ethod was p rac ticab le  only b ecau se  it was 
p o ssib le  b y  u s in g  sp ra y  te ch n iq u es  to  g en era te  sq u a re  co n cen tra tio n  
w aves a t th e  o u te r  su rface  of th e  m em brane. T he ex p erim en ts  w ere ru n  
u sin g  th e  same equipm ent an d  experim en tal te ch n iq u es  as in  C h ap te r  7.
Nafion 125 an d  AMF C ^q m em branes w ere u sed  in  hetero ion ic  
form s an d  th e  same co n cen tra tio n  of HCil + K C il so lu tions.
T he to ta l co n cen tra tio n  was 0.05M (HCil = KC il = 0.025M) in th e  collecting 
volum e, as  was u sed  in th e  f i r s t  tim e-lag  ex p erim en ts . T he o u te r  side 
of th e  m em brane was sp ra y e d  w ith 0.05M HCil an d  0.05M KCil, a lte rn a te d  
to  g e n e ra te  sq u a re  w aves. U sing a simple com puter p rogram  to sw itch
5 - 1 3
on an d  off solenoid  v a lv es  on a ir - l in e s . F ig . (8 -5 ) , it  was p o ssib le  to  
sp ra y  a lte rn a te ly  w ith one so lu tion  and  th e n  a n o th e r as n eed ed .
In  th e  th e o re tic a l section  (8 .2 ) ,  b o th  s inuso ida l (cosine) w aves 
an d  sq u a re  w aves a re  d isc u sse d , th e  la t te r  a lth o u g h  re q u ir in g  a sim pler 
m athem atical an a ly s is  w ere re je c te d  fo r p ra c tic a l p u rp o s e s . I t  is simply 
a m a tte r of th e  com plexity of any system  w hich m ight be  d ev ised  an d  its  
p ro b ab le  slow ness. With sq u a re  w aves all rea so n ab le  freq u e n c ie s  m ight 
b e  encom passed  an d  ch an g ed  b y  simple m odification of one line  of th e  
com puter in s tru c t io n s .
T he  m ethod is a t tra c t iv e  in th a t  it  is re p e titiv e  an d  so in a 
s ing le  ex p erim en t many p h a s e -s h if t  (see  section  (8 .3 ) )  m easurem ents can  
b e  made an d  fo r each  a d iffusion  coeffic ien t c a lcu la ted . F ig s . (8 -4 ) ,  (8 -6) 
an d  (8 -7 ) . T he m ethod of calcu la ting  th e  d iffusion  coeffic ien t from 
ex p erim en ta l r e s u l ts  is  given in  A ppend ix  A. 8. T hese  estim ates may be  
com pared w ith d iffusion  coeffic ien ts  o b ta in ed  from th e  tim e-lag  m ethod, 
T ab les  (8-2) an d  (8 -3 ) . A lte rn a tiv e ly  th e  p h ase  ch an g e  may b e  ca lcu l­
a te d , F ig . (8-4) b y  in se r tin g  in to  e q n . (8-10) th e  d iffusion  coeffic ien t 
from th e  tim e-lag  m ethod. T able (7-2) which can th e n  be  com pared w ith 
th a t  w hich may be  o b ta in ed  from th e  oscillating  exp erim en ts  ( 7) .
Since eq n . (8-10) canno t be  tran sfo rm ed  to  an exp lic it 
e x p re ss io n  fo r D , th e  d iffusion  coeffic ien t was o b ta in ed  b y  m ethod of 
su ccess iv e  app ro x im atio n s , (7 ) . An approxim ate  value  of th e  d iffusion  
coeffic ien t, D*, was o b ta in ed  from (j)* tak en  from sq u a re  wave experim en t, 
was o b ta in ed  b y  m easuring  th e  tim e -sh if t, t^ ^ ^  from th e  
m id-po in t of sq u a re  wave to  th e  n e x t p eak  of o u tp u t wave F ig . (8 -4 ) , 
su ch  th a t
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(j)* -  5  = Ztt t  /T  ^ 2 exp
Since we re q u ire  only  an approx im ate  s ta r t in g  va lu e  fo r  D* 
we may n e g lec t th e  tan h (K il) te rm , e q n . (8 -7 ) , so th a t  -  Kil + ïï/4 ,
o r r e a r ra n g in g .
D* = o)Jl^/2(2ïï t  / t  -  7t/4 )^exp
With th e se  ap p rox im ations, D* is  alw ays la rg e r  th a n  D , th e  
tru e  d iffusion  coeffic ien t.
C hoosing a time t  , when th e  o u tp u t w ave is a t a maximum,°  max ^
th e  c o rre sp o n d in g  c o n ce n tra tio n , c  ^ = q^ /V ., was ca lcu la ted  u sin g  
eq n . (8 -9 ) . Since D* is g re a te r  th a n  D, th e  g u e sse d  va lu e  of D* was 
s te p p e d  down p ro g re s s iv e ly  to  p ro d u ce  a se r ie s  of c^. T he experim en tal 
d iffu sion  coeffic ien t was ta k e n  as th e  value  of D* w hich re p ro d u c e d  th e  
maximum in c^,.
T he m athem atical an a ly sis  (a s  fo r th e  tim e-lag also) is b a se d  on 
an ‘in f in ite ’ co llecting  volum e. In  p ra c tic e  th e  q u a n titie s  of sa lt d iffu sed  
o r ions ex ch an g ed  a re  m easu red  b y  ch an g es  in th e  co n cen tra tio n  or 
com position of th e  so lution in th e  co llecting  volum e. F or th e  tim e-lag  
m ethod th e  co llecting  volum e, a lth o u g h  only 2 mL in volum e, was to all 
in te n ts  an d  p u rp o se s  an  e ffec tiv e  ‘in f in ite ’ volume in te rm s of th e o ry . 
F o r a sq u a re  wave o sc illa to r , a s tea d y  s ta te  of oscillation  in th e  collecting 
volume was d e te c te d , once more u s in g  co n d u c tiv ity  e le c tro d e s . To te s t  
th e  m ethod , an  experim en t was sim ulated  u sin g  n e tw ork  therm odynam ic 
m ethods, d iscu ssed  elsew here  (2 ,4 ,5 )  u s in g  da ta  availab le fo r  sa lt
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d iffusion  th ro u g h . V isking d ia lysis  m em brane. T able (7 -2 ) ,  F ig s . (8-2) 
an d  (8 -3 ) .  In  F ig . (8-2) co n cen tra tio n  w aves fo r  cosine , tr ia n g u la r  and  
sq u a re  w aves w ith equal am plitudes an d  freq u e n c ie s  a re  com pared . I t  
can b e  seen  th a t  th e re  is little  sh if t in th e  w aves an d  th a t  th e  sq u a re  
wave p ro v id e s  th e  la rg e s t  am plitude o u tp u t. C alcu la tions also show ed 
th a t  th e re  was no s ig n ifican t e r ro r  due to th e  in fin ite  b a th  ( 7) assum ption  
u se d  in  th e  m athem atical an a ly sis  fo r a 2 mL collecting volum e.
T he ex p erim en ts  w ere co n d u cted  a t d iffe re n t freq u e n c ie s  to 
e n su re  th a t  o sc illa to ry  m ethod would w ork ov er a ra n g e  of fre q u e n c ie s , 
b u t  i t  was n o te d  th a t  th e  am plitude of th e  o u tp u t w aves, in to  a cell of 
2 ml cap ac ity  is  approx im ately  1/500 of th e  in p u t co n cen tra tio n  s te p .
T he am plitude of em ergen t wave becam e much re d u c e d  as th e  fre q u e n c y  
was in c re a se d  and  th e  de tec tion  m ethods h ad  to  b e  v e ry  s e n s itiv e .
H ere , as p rev io u s ly  d isc u sse d , co n d u c tiv ity  m easurem ents w ere u sed  an d  
p a r t ic u la r  care  was n eed ed  to  p re v e n t te m p e ra tu re  f lu c tu a tio n s . A 
te m p e ra tu re  change  of 1°C will, in  g e n e ra l, cause a 1% ch ange  in 
c o n d u c tiv ity  fo r most d ilu te  sa lt so lu tio n s . T ech n iq u es  to  minimise su ch  
e ffe c ts  w ere d ev ised  e a r lie r . C h ap te r 7.
From e q n . (8-6) it  is c lea r th a t  th e  peak  to peak  sh if t  (
be tw een  in p u t and  o u tp u t waves is  a func tion  of th e  p e r io d , T , of th e
in p u t w ave. T he am plitude of em ergen t wave becom es m uch re d u c e d  as
th e  p e rio d  d ec rea se s  ( i . e .  f req u e n cy  in c re a s e d ) . T h a t is th e  case a t
2
150s p e rio d . E xperience  show ed th a t  freq u en c ie s  of th e  o rd e r  of D/Jl 
w hich eq u als  th e  p ro d u c t of m em brane re s is ta n c e  R an d  capacitance  C 
fo r th e  m em brane t re a te d  as a F ickian  system  b y  b o n d  g ra p h  m ethods
(3 .4 ) ,  and  close to  th e  rec ip ro ca l of re lax a tio n  tim e, T, of th e  m em brane
(1 .5 )  fo r w hich T = ^
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Most exp erim en ts  w ere c a r r ie d  o u t w ith p e rio d s  of 300s and  
450s an d  also te s t s  w ere made a t h ig h e r  freq u e n c ie s  (p e rio d s  of 150s). 
F ig u re s  (8 -6) and  (8-7) w ere o b ta in ed  a t p e rio d s  300s an d  450s re s p e c t­
ively  fo r H ^/K ^ ex ch an g e  a c ro ss  Nafion 125 p e r  flu o r osu lphonic  acid  
m em brane. Raw d a ta  as co llected  is shown in T ab le  (8 -1 ) .
From th e  experim en ta l sh if ts  (t^ ^ p ) ^ s e t of d iffusion  
coeffic ien ts  an d  w ere o b ta in ed . T ab les  (8-2) an d  (8-3)
an d  a re  re sp e c tiv e ly  th e  ex change  d iffusion  coeffic ien t in th e
m em brane w here  ion in th e  sp ra y  rep lace s  in th e  cell an d  
when th e  ion in th e  sp ra y  re p la ce s  in th e  cell, as in  C h ap te r  7, 
e q n . (7 - 8 ) ) .
I t  is  c lea r from F ig s . (8 -6 ) an d  (8-7) th a t  it  was p o ssib le  to 
ob ta in  ex trem ely  r e g u la r ,  re p ro d u c ib le  w aves. The co n d u c tiv ity  r is e s  
as h y d ro g e n  ion e n te r s  th e  co llecting  volume an d  po tassium  ion leaves 
an d  fa lls  when th e  p ro c e ss  is  r e v e r s e d .  T he exchange  was shown to be 
s to ich iom etric , since a t th e se  v e ry  low co n cen tra tio n s  of e lec tro ly te  
(0.05M) ch lo ride  coions a re  e ffec tiv e ly  exclu d ed  from th e  m em brane p h a se .
In  th e se  exp erim en ts  w ere shown H ^/K ^ ex ch an g e  a c ro ss  
th e se  m em branes. T he in n e r  so lu tion  was 0.025M HCil + 0.025M KCil 
(X ^  / Xg. = 1 / 3 on th e  in n e r m em brane s u r fa c e ) ,  while th e  o u te r  
su rfa ce  was a t 0.05M HCil an d  0.05M KC5,. A ttem pts w ere made to  
determ ine  d iffu sion  coeffic ien ts  fo r  a system  in w hich th e  in n e r so lu tion  
was 0.038M HCil + 0.012M KCil ( th is  gave X y / X ^ = 50 / 50 on th e  
in n e r  m em brane surface) while th e  sp ra y  so lu tions gave a H ^/K ^ loading  
on th e  o u te r  m em brane su rface  in th e  ru n  ” 80/20, 20/80, 60/40,
an d  40/60.
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T hese  ex p erim en ts  w ere perfo rm ed  o v e r sev e ra l w eeks and  
a lth o u g h  all p o ssib le  care  and  p re c au tio n s  w ere e x e rc ise d , th e y  p ro v e d  
in su ffic ie n tly  re p ro d u c ib le  fo r u se  h e re . T he main cause  was th a t  th e  
co n cen tra tio n  of HCil in th e  in n e r solution was h ig h  (0.038M a g a in s t 
0.012M fo r KCil) and  c o rre sp o n d in g ly  th e  se n s itiv ity  of th e  con due time tr ie  
m ethod was re d u c e d . Also b y  's te p p in g  down' th e  sp ra y  c o n cen tra tio n s  
to  80/20, 60/40 (a s  above) th e  em ergen t w aves w ere again  re d u c e d .
T hese  shortcom ings led  to  th e  use  of th e  tim e-lag  m ethod, 
be in g  th e  p re fe r r e d  m ethod in th is  ex p erim en t. T he tim e-lag  h as  b een  
d e sc rib e d  b e fo re  th e  osc illa to ry  m ethod in th is  th e s is  fo r convenience in 
p re s e n tin g  co ncep ts  and  th e o ry . In  ac tu a l fa c t th e  o sc illa to ry  m ethod 
was u sed  f i r s t .  T he osc illa to ry  m ethod h as  sev e ra l shortcom ings b u t  
it  is  q u ite  u se fu l fo r p re lim inary  exp lo ra tio n s  of th e  ty p e  re p o r te d  h e re .
I t  is  how ever to  be  recom m ended fo r th e  m easurem ent of d iffusion  
co effic ien ts  w ith th in  m em branes w here a lte rn a tiv e , tim e-lag  T  = il^/6D 
w ould be  sm all. I t  would be  of co n sid erab le  u se  also if re p e titiv e  
de term in a tio n s  of d iffusion  w ere re q u ire d , especially  if it  w ere su sp e c ted  
o r unknow n th a t  a la rg e r  tim e-b ased  p ro c e ss  su ch  as swelling o r 
conform ational change  in th e  polym er o c cu rred  d u rin g  th e  d iffusion  
p ro c e sse s .
Table (8 -1 )  . Sample of Raw Experimental R esu lts
time
(s )
con ductance  




(ohm  ^ cm )^
6 7 . 4 7 5 E - 0 3 103 7 7 3 8 3 8 - 0 3
9 7 . 4 7 7 E - 0 3 186 7 * 3 7 7 8 - 0 3
12 7 . 4 7 6 E - 0 3 190 7 * 3 7 5 8 - 0 3
16 7 . 4 8 4 E - 0 3 198 7 . 3 6 4 8 - 0 3
19 7 , 4 8 7 E ~ 0 3 201 7 * 3 6 4 8 - 0 3
22 7 . 4 8 9 E - 0 3 205 7 * 3 5 7 8 - 0 3
25 7 . 4 9 E - 0 3 208 7 * 3 5 6 8 - 0 3
28 7 . 4 9 2 E - 0 3 211 7 * 3 5 3 8 - 0 3
31 7 . 4 9 6 E - 0 3 214 7 * 3 4 7 8 - 0 3
40 7 . 5 0 3 E - P 3 217 7 * 3 4 6 8 - 0 3
4 3 7 . 5 0 2 E - 0 3 220 7 * 3 4 2 8 - 0 3
46 7 * 5 0 1 E - 0 3 223 7 * 3 3 7 8 - 0 3
4 9 7 » 5 E - 0 3 232 7 * 3 2 8 8 - 0 3
52 7 * 5 0 1 8 - 0 3 235 7 * 3 2 5 8 - 0 3
5 5 7 * 5 0 2 E - 0 3 238 7 * 3 2 3 8 - 0 3
5 8 7 * 5 E - 0 3 241 7 * 3 2 1 8 - 0 3
61 7 * 5 0 2 E - 0 3 244 7 * 3 1 6 8 - 0 3
70 7 * 4 9 5 8 - 0 3 247 7 * 3 1 4 8 - 0 3
73 7 * 4 9 6 E - 0 3 251 7 * 3 1 1 8 - 0 3
76 7 * 4 9 2 8 - 0 3 254 7 * 3 0 8 8 - 0 3
79 7 * 4 9 1 8 - 0 3 262 7 * 2 9 8 8 - 0 3
83 7 * 4 8 8 8 - 0 3 266 7 * 2 9 6 8 - 0 3
86 7 * 4 8 6 8 - 0 3 269 7 * 2 - 9 3 8 -0 3
89 7 * 4 8 4 8 - 0 3 272 7 * 2 9 3 8 - 0 3
,92 7 * 4 8 2 8 - 0 3 275 7 * 2 8 7 8 - 0 3
95 7 * 4 7 8 8 - 0 3 278 7 * 2 8 3 8 - 0 3
104 7 * 4 7 1 8 - 0 3 281 7 * 2 8 1 8 - 0 3
107 7 * 4 6 9 8 - 0 3 284 7 * 2 7 5 8 - 0 3
110 7 * 4 6 6 8 - 0 3 293 7 * 2 6 9 8 - 0 3
113 7 * 4 6 2 8 - 0 3 296 7 * 2 6 6 8 - 0 3
116 7 * 4 6 1 8 - 0 3 299 7 * 2 6 3 8 - 0 3
119 7 * 4 5 5 8 - 0 3 302 7 * 2 5 9 8 - 0 3
122 7 * 4 5 5 8 - 0 3 305 7 * 2 5 5 8 - 0 3
126 7 * 4 4 9 8 - 0 3 308 7 * 2 5 5 8 - 0 3
129 7 * 4 4 8 8 - 0 3 31 2 7 * 2 5 1 8 - 0 3
137 7 * 4 3 6 8 - 0 3 315 7 * 2 4 9 8 - 0 3
140 7 * 4 3 4 8 - 0 3 318 7 * 2 4 7 8 - 0 3
144 7 * 4 3 1 8 - 0 3 326 7 . 2 4 1 8 - 0 3
147 7 * 4 2 7 8 - 0 3 330 7 . 2 4 3 8 - 0 3
150 7 * 4 2 3 8 - 0 3 333 7 * 2 3 9 8 - 0 3
153 7 * 4 2 1 8 - 0 3 336 7 * 2 3 9 8 - 0 3
156 7 * 4 1 5 8 - 0 3 339 7 * 2 4 8 - 0 3
159 /*4148-03 342 7 * 2 3 9 8 - 0 3
1 68 7 *4018-03 345 7 * 2 3 8 8 - 0 3
;i 71 7 * 3978-03 348 7 * 2 3 7 8 - 0 3
174 7 * 3948-03 357 7 * 2 3 9 8 - 0 3
177 7 * 3 9 1 8 - 0 3 360 7 * 2 4 1 8 - 0 3
180 7 * 3 8 5 8 - 0 3








(ohm  ^ cm )^
3 6 3 7*12TiE-03 ^43 7 * 3 4 7 8 - 0 3
366 7 . 2 4 1 E - 0 3 546 7 * 3 5 1 8 - 0 3
3 6 9 7 . 2 4 1 E - 0 3 5 4 9 7 * 3 5 3 8 - 0 3
{373 7 . 2 4 2 E - 0 3 552 7 * 3 5 6 8 - 0 3
1376 7 * 2 4 1 E - 0 3 555 7 * 3 6 1 8 - 0 3
379 7 * 2 4 3 E - 0 3 558 7 . 3 5 8 8 - 0 3
3 8 7 7 . 2 5 E - 0 3 561 7 * 3 6 3 8 - 0 3
391 7 . 2 5 E - 0 3 570 7 * 3 6 8 8 - 0 3
3 9 4 7 . 2 5 2 E - 0 3 5 73 7 * 3 7 3 8 - 0 3
3 9 7 7 . 2 5 2 E - 0 3 576 7 * 3 7 3 8 - 0 3
.400 7 * 2 5 5 E - 0 3 580 7 * 3 7 8 8 - 0 3
403 7 . 2 5 7 E - 0 3 583 7 * 3 8 1 8 - 0 3
406 7 . 2 5 8 E - 0 3 586 7 * 3 8 5 8 - 0 3
k 0 9 7 . 2 5 9 E - 0 3 589 7 * 3 8 5 8 - 0 3
418 7 . 2 6 5 E - 0 3 5 92 7 * 3 8 9 8 - 0 3
421 7 . 2 6 4 E - 0 3 601 7 * 3 9 2 8 - 0 3
)424 7 . 2 6 8 E - 0 3 604 7 * 3 9 6 8 - 0 3
427 7 . 2 7 1 E - 0 3 607 7 * 3 9 7 8 - 0 3
430 7 * 2 7 2 E - 0 3 610 7 * 3 9 9 8 - 0 3
4 3 3 7 . 2 7 3 E - 0 3 613 7 * 4 8 - 0 3
437 7 . 2 7 5 E - 0 3 616 7 * 4 0 5 8 - 0 3
440 7 . 2 7 6 E - 0 3 619 7 * 4 0 5 8 - 0 3
448 7 * 2 7 9 5 - 0 3 622 7 * 6 0 7 8 - 0 3
.452 7 * 2 8 6 E - 0 3 631 7 * 4 0 8 8 - 0 3
455 7 * 2 9 E - 0 3 634 7 * 4 1 4 8 - 0 3
4 5 8 7 * 2 9 E - 0 3 637 7 * 4 1 7 8 - 0 3
461 7 * 2 9 E - 0 3 641 7 * 4 1 5 8 - 0 3
4 6 4 7 * 2 9 4 8 - 0 3 644 7 * 4 1 5 8 - 0 3
4 6 7 7 * 2 9 8 8 - 0 3 647 7 * 4 1 1 8 - 0 3
470 7 * 2 9 6 8 - 0 3 650 7 * 4 1 8 8 - 0 3
4 79 7 * 3 0 4 8  -03 653 7 * 4 2 8 - 0 3
482 7 * 3 0 5 8 - 0 3 662 7 * 4 2 8 - 0 3
485 7 * 3 0 8 8 - 0 3 665 7 * 4 2 1 8 - 0 3
4 8 8 7 * 3 1 8 - 0 3 668 7 * 4 2 1 8 - 0 3
491 7 * 3 1 2 8 - 0 3 671 7 * 4 2 1 8 - 0 3
494 7 * 3 1 4 8 - 0 3 674 7 * 4 2 8 - 0 3
498 7 * 3 1 9 8 - 0 3 677 7 * 4 2 1 8 - 0 3
501 7 * 3 1 9 8 - 0 3 680 7 * 4 2 3 8 - 0 3
509 7 * 3 2 4 8 - 0 3 683 7 * 4 2 1 8 - 0 3
5 1 2 7 * 3 2 7 E ~ 0 3 692 7 * 4 1 7 8 - 0 3
516 7 * 3 2 7 8 - 0 3 695 7 * 4 1 6 8 - 0 3
519 7 * 3 2 9 8 - 0 3 698 7 * 4 1 4 8 - 0 3
522 7 * 3 3 2 8  -03 701 7 * 4 1 4 8 - 0 3
525 7 . 3 3 5 8 - 0 3 705 7 * 4 1 5 8 - 0 3
528 7 * 3 3 6 8 - 0 3 708 7 * 4 0 8 8 - 0 3
531 7 * 3 3 9 8 - 0 3 711 7 * 4 0 8 8 - 0 3
540 7 * 3 4 6 8 - 0 3 714 7 * 4 0 5 8 - 0 3
723 7 * 3 9 9 8 - 0 3
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Table (8 -2 )
C om parison of experim en tal r e s u l ts  o b ta in ed  from tim e-lag  m ethod and
o sc illa to ry  m ethod of Nafion 125 p e r  flu o r osulphonic  acid  m em branes w ith
2
a th ic k n e ss  = 0.0141 cm, an d  a rea  = 0.771 cm . T he d iffu sa n ts  w ere 
0.05M KCil an d  0.05M HCil a g a in s t HCil + KCil (HCil=KCil=0.025) solution 
in th e  o u tp u t volum e, w ith  a to ta l co n cen tra tio n  = 0.05M.
No. of M ethods 










C oeffic ien t
^KH






C oeffic ien t
^HK
2 -1  __7 cm s xlO
1 osc illa to ry 300 56.7 5.06 50.3 5.70
2 300 56.3 5.10 50.6 5.67
3 300 68.8 4.17 47.6 6.03
4 300 56.4 5.09 - -
5 300 59.5 4.82 - -
6 450 64.4 4.45 47.1 5.70
7 450 59.7 4.81 53.3 5.39
8 450 57.5 4.99 51.6 5.56
9 450 - - 51.4 5.58
av erag e 4.81±0.33 5.66±0.20
tim e-lag **
T ^KH T ^HK
(s) 2 -1  T_7 cm s xlO (s ) 2 -1  , .7  cm s xlO
1 60 5.52 50 6.63
2 62 5.34 51 6.50
3 64 5.18 52 6.41
4 59 5.62 - -
av erag e 5.42±0.20 6.51±0.11
F ig . (8 -4)
C h ap te r  7, e q n . ( 7-2)
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Table (8 -3 )
C om parison of experim en tal r e s u lts  o b ta in ed  from th e  tim e-lag  an d  oscilla­
to ry  m ethods on C^q su lphonic  acid  m em branes w ith th ic k n e ss  = 0.031 cm, 
a n d  a rea  = 0.771 cm^. The d iffu sa n ts  w ere 0.05M KC£ an d  0.05M HCil 
a g a in s t (0.025M HC£ + 0.025M KCil) solution in th e  o u tp u t volum e, w ith 
to ta l co n cen tra tio n  = 0 .0 5M
No. of M ethods P eriods Time- D iffusion Time- D iffusion










2 -1  ,„6  cm s xlO
1 oscilla to ry 300 68.9 1.94 50.3 2.14
2 300 68.3 1.96 51.0 2.12
3 300 61.2 2.19 58.0 1.86
4 300 56.3 2.38 57.5 1.88
5 300 68.3 1.96 58.0 1.86
6 300 63.3 2.11 63.3 1.70
7 450 62.81 2.13 54.8 1.94
8 450 61.59 2.17 48.2 2.23
9 450 64.25 2.08 56.2 1.92
av erag e 2.1010.14 1.9610.17
tim e-lag
T ^KH T ^H K
(s ) 2 -1  T_6cm s xlO (s ) 2 -1  -,^6 cm s xlO
1 62 2.58 51 3.14
2 64 2.50 48 3.34
3 62 2.58 49 3.27
4 - - 50 3.20
av erag e 2.5510.05 3.2410.09
8 - 2 2
F ig u re s  ( 8 - la ) an d  (8 - lb )
F ig . 1 (a) -  a bo n d  g ra p h  re p re se n ta tio n  of 3-lum p model of a m em brane 
ex posed  to a sou rce  of e f fo r t ,  SE (e i th e r  c o n s ta n t o r 
o scilla ting ) on one side an d  co n n ec ted  to  a r e s e rv o ir  o r 
co llecting  volume on th e  o th e r , r e p re s e n te d  b y  th e  
term inal cap ic ito r , .
F ig . 1 (b )  -  th e  eq u iv a len t c irc u it re p re se n ta tio n  of th e  same mem brane 
sy s te m .




k  0-^ 0L
1/ 
o





F ig u re  (8 -2)
A p lo t of am plitude Q (t) of so lu te  co llected  as fu n c tio n  of time 
fo r a s e r ie s  of re g u la r  co n cen tra tio n  w aves in p u t. I t  show s th e  e ffec t 
of in p u t co n cen tra tio n  wave form on th e  co n cen tra tio n  in th e  co llecting  
volum e. U sing V iskin g d ialysis m em brane th e  d iffu sa n t was 0.05M 
NaC&.
T he d a ta  u se d  was tak en  from T able (7 -2 ) .
T h e  solid d o tte d  line  re p re s e n ts  th e  co n cen tra tio n  when th e  in p u t 
s ignal is  sq u a re  w ave; th e  b ro k en  line is  fo r cosine in p u t w ave, an d  














F ig u re  (8-3)
C o n cen tra tio n  w aves in th e  co llecting  volum e, g e n e ra te d  b y  sq u a re  
w ave so u rc e , u s in g  a 20-lump bo n d  g ra p h , a s  in F ig . ( 8 - l a ) ,  u sing  
V iskin g d ia ly sis  m em brane.
-6  2 -1M embrane p a ram ete rs : D = 2.95 x  10 cm s , £ = 0.0195 cm,
A = 0,771 cm^, a  = 0 .75 , T = 200s an d  c° = 0.05M NaCil (m em brane 
p a ra m e te rs  ta k en  from tim e-lag ex p erim en t. T ab le  ( 7 - 2 ) ) ,








100 200 300 400
T im e  < s e c  >
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F ig u re  (8-4)
D em onstration  of p h ase  sh if t  in th e  o u tp u t w ave w hen com pared
to  i ts  c o rre sp o n d in g  sq u a re  wave in p u t. T he p h ase  s h if t  is shown
a n d  m arked  as  t  an d  wt = ~((p ~ t ) • F o r c la r ity  th e  wave exp exp  ^ 4  ■'




















NO YESSWITCH SPRAY A ON 
SPRAY g  OFF pPRAY
SWITCH 
S P R A Y g  ON
" ~ j\O F F
i-32
F ig u re s  (8 -6) and  (8-7)
E lec trica l co n d u ctiv ity  ag a in s t time showing osc illa to ry  concen­
tr a t io n s . T he mem brane was N ation 125 (p e rflu o ro su lp h o n ic  a c id ) . 
T he d a ta  w ere co llected  fo r two p e rio d s  -  300s F ig(8-6) an d  450s 
F ig( 8-7) . T he d iffu sa n ts  w ere 0.05M HC£ an d  0.05M KCJl, an d  
th e  equ ilib rium  com position of th e  so lu tion  in th e  co llecting  volume is
0.025M H C l  + 0.025M KCjl.
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APPENDIX A . 7  .1
2000 REM TO SWITCH SPRAY A ON A
ND SPRAY B OFF 
2010 POKE A»i: POKE A,4
2020 GOTO 250
3000 REM TO SWITCH SPRAY B ON A
ND SPRAY A OFF 
3010 POKE A,2: POKE A,3
3020 GOTO 250
4990 REM CLOCK SUBROUTINES FIRS
T SET UP INITIAL CONDITIONS 
IE SET TIMER TO T=0 BY POKIN 
G CORRECT LOCATIONS 
5000 FOR X = 32672 TO 32687 
5010 POKE (X)fO 
5020 NEXT X 
5030 POKE 32683,227 
5040 POKE 32678,0 
5050 POKE 32677,191 
5060 POKE 32686,32
,2555070 POKE 32680 
5080 POKE 32681,255 
5090 REM THIS PART OF SUBROUTIN 
E READS TIME 
5100 AA = PEEK <32680)
5110 PEEK (32680)
5120 C = (AA * 256) 4 B
5130 C = 65535 - C
5140 C = INT (C /  1.021190)
5150 C = C /  10
5160 CR = (C * .045855 /  100)
5170 Cl = C + TD -  (< INT (CR * 1 
0 4 .5)) /  10)
5180 PRINT Cl: REM Cl IS THE TI 
ME IN SECONDS 
5190 RETURN
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APPENDIX A .  7. 2 
10 DIMTT'.:700::'
2 0  PRINT"DO YOU WANT READ OR WRITE "
3 0  INPUT " 1 READ " 2  ' WRI TE " ; RE 
4 0  IFRE=1THEN530  
5 0  IFRE=2THEN590  
6 0  j;P0>RE>2THEN20  
7 0  NU==3
8 0  PRINT"STEP TIME=":NU 
9 0  IPRE=1THEN63999  
1 0 0  J=1
1 1 0  T I $ = " 0 0 0 0 0 0 "
1 2 0  0PEN5.r5  
1 3 0  OPENS .335 
1 4 0  PRINT#5. ,  " !"
1 5 0  GOTO370 
1 6 0  FORN=1TO1 5 0 0  : NEXT 
1 7 0  PRINT#5. .  "M"
1 8 0  F 0 R Z 2 = 1T O 7 0 0 : NEXT 
1 9 0  B=PEEI<< 5 9 4 2 7  > AND 1 2 0  
2 0 0  INPUT#5. ,A$
2 1 0  I F S T = 0 T H E N 2 2 0 : GOTO1 6 0  
2 2 0  5 - P E E K ( 5 9 4 2 7 ) AND1 2 8  
2 3 0  INPUT#5. ,B$
2 4 0  G$=RIGHT$(B$.rl0:: '
2 5 0  G=VAL<G$>
2 7 0  INPUT#8 3 : $
2 8 0  M$=R I GHT$ ( 0 $ 1 3  )
2 9 0  M=VAL'::M$)
3 1 0  C = - 1 0 . 7 8 6 6 + 5 8 . 3 4 7 4 * M - 2 1 , 9 2 8 8 * M f 2
3 2 0  T= I NT < 0*100::'  + . 5 ) 1 0 0
3 2 2  PR INTTAB '33 > .r G.? TAB ( 1 0 : ) ;  TT < I ; T ; I
3 2 5  PRINT#6.rG
3 3 0  PRINT#6.rTT':: I
3 4 0  PRINT#6. ,T
3 5 0  P R IN T#6 . , I
3 7 0  1=1+1
3 8 0  Q$=MID$'::TI$.. 1..2::'
3 9 0  Q= VAL Q$ * 3 6 0 0  
4 0 0  W$=MID$(TI$.r3/2::'
4 1 0  W= VAL'::W$ * 6 0
4 2 0  E$=MID$'::TI$.,5..2::'
4 3 0  E=VAL':.E$::'
4 4 0  TT':: I :)=E+W+Q 
4 5 0  IM=TT 'r . I : . ' -TT 'U -l : . '
4 6 0  IFiri=>NU THEN 1 6 0
4 7 0  GETG$: I F G $ < > ""THEN500
4 8 0  1 = 1 - 1
4 9 0  GOTO370
5 0 0  UU=500
5 1 0  PRINT#6.rUU
5 2 0  CLOSES
5 3 0  0 P E N 6 1 ,r0
5 4 0  :L NPUT#6 ,r G$ T T $ ,  T $ I
5 5 0  PRINT.rG$..TT$. .T$.rI
5 6 0  XX=XX+1
5 7 0  IFXX =7000TH EN 520
5 8 0  GOTO5 4 0
5 9 0  0PEN6. , l . r l
r:; n  t  n  "• i:.
9-3
a p p e n d i x  a . 7. 3
10 RRIHT "21"
3 0  FOR1=1TÛ150ÎNEXTI
9 0  1-R1HT"Ü"
9 5  FRj;NT" i n p u t  THE # 0 F DATA PAIRS
97  FI-.;; I t'IT
.!. 0 0  
! 0 5
INPUT"BE LOADED FR
CI NX a  1 ) iiDIMY':: N) : 0  ]'






G FILE 0 0  NO 1
1.20 F OR 1 = 1 TON
1 3 0  
1.40
t.NPIJT#6.rA$ 
I NP U T#6 ... 8 $
1 !50 ÏHPIJT#6.rC$
:l. 6 0  
9 0
IHPUT#6 .rD $' 
X'.: 1 ::'=VAL(B$::'
2.10 Y < I > = V A L < R $ > - 1 . 1 6 3 4 6 L “ 4 *  VAL U$
.1. .1. Y=Y ( I
2 1 2 2: ( I ::' = INT < (Y*1E6; : ' - . 5  1E6
2 1 5 PRINTX(I).rZ'::I::'




r  1 r 'ic ir c TCm V
25 1
Lm LJ M.' L.* tr*
PRI NT " : PR I NT : PR I NT
2 5 3 OPENl ..4.031 :PRINT#1 .."CHANGE".? CAR
2 5 4 CLOSE1
2 5 5 0PEN4. .5
2 5 6 T$="S"
2 6 5 PRIN'f#4. .N
2 7 0 FOR 1=1 TO N
2 8 0 PR I NT#4 .. X I )
P R I N T # 4 . . Z ( I )
IF I=N THEN 3 5 0
3 0 0 NEXT I
3 5 0 CL08E4
4 0 0 END
REFiClY.
9-4
Ap p e n d i x  a . 7.4
300 HOME
305 PRINT : PRINT : PRINT 
310 PRINT "THIS PROGRAM REQUIRES 
THAT THE S.S.C"
312 PRINT "IS IN SLOT 5* If THIS
IS NOT THE "
313 PRINT "CASE THEIN TURN OFF TH 
E POWER AND"
314 PRINT "INSTALL THE S.S.C .
315 PRINT Î PRINT : PRINT I PRINT
316 PRINT "A'_L DATA IS SAVED TO
DRIVE 2 "
317 PRINT I PRINT "UNDER THE RRE 
SENT SYSTEM SO MAKE"
318 PRINT : PRINT "SURE A DAiA F 
ILE DISK IS IN"
319 PRINT I PRINT "DRIVE 2 OR TH 
E SYSTEM WILL CRASH"
350 D$ = CHR$ (4)
400 PRINT D$;"PR45"
402 PRINT CHR$ (1)?"E D"




460 DIM X(N): DIM Y(N)
470 FOR I = 1 TO N
480 INPUT X(I): INPUT Y(I)
495 NEXT I
690 PRINT D$;"IN*0"
700 PRINT D$:"PR4 5"
702 PRINT CHR$ (D ^ P " :  PRINT I 
$;"PR#0"
710 HOME






790 FOR 1  ^ 1 TO N
800 print X' I PRI NT Y( 1 )
SIO NEXT 1
820 PRINT Dt CLOSE" ÎNMP 
830 HUM P.
900 PRINT D$;"RUN"Î"TRANS*2" :" »D 
1 "
910 END
APPENDIX A. 7. 5
60 REM
62 DIM Xl( 350 ),Y1( 350 ),X( 200,4),
Y<200,4)
65 DIM N(4),C( 180,3),W( 200,4)
70 PRINT "DO YOU WANT THE RESULT 
S TO BE:-"
90 PRINT " 1-LINEAR FIT"
100 PRINT " 2-PLOTTING"
110 GET A: IF A < = 0 OR A > 3 THEN
70
120 ON A GOTO 155,1890 
130 REM
140 REM #*COUNT FILE POINTS*#
150 REM
155 HOME
160 INPUT "TIME AT START OF FIT# 
1=%T1 
165 PRINT
170 INPUT "FINAL TIME OF FIT#1 <
=T SPRAY)=";T0 
175 PRINT
180 INPUT "INITIAL TIME FOR FIT# 
2=";T2 .
183 PRINT
135 INPUT "FINAL TIME FOR FIT#2=
"?T3 
187 PRINT
190 INPUT "MEMBRANE'S THICKNESS=
"?L
210 D$ = CHR$ <4)





260 FOR I = 1 TO N
270 INPUT XKI): INPUT Yl( I )
275 PRINT i ;  TAB< 5);X1(I); TAB( 
12)5Y1(I)
280 IF XKI) = < Tl THEN HH = I
290 IF Xl(I) = < TO THEN N1  ^I
300 IF XKI) = < T2 THEN VV = I
310 IF XKI) = < T3 THEN KK = I
320 NEXT
340 PRINT D$;"CLOSE";F$: GOTO 41 
0
350 REM
360 REM #*LINEAR FIT*#
370 REM
400 D$ == CHR$ (4)
410 HOME : VTAB 10 
415 NP =: 2
420 PRINT "NO* OF PLOTS?";NP 
430 FOR .1 = 1  TO NP: PRINT 
440 PRINT "FILE NAME";i;
9-5
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445 F$( I )  = F$
446 PRINT F$(I): PRINT 
450 NEXT
460 JJ == 1 
465 PRINT
470 PRINT D$;"OPEN";F$(JJ);",D2"
480 PRINT D$;"READ";F$( J J )
490 INPUT NN:NN( J)  = NN
493 RR = m -  KK
495 N2 = NN -  RR
500 N1 == N1 -  HH
510 N = N2 - VV
520 IF JJ = 2 THEN 540
530 IF N1 < 120 THEN 550
540 GOTO 590
550 N = N1
560 MM = HH * 2
570 FOR LL = 1 TO MM: INPUT BUM:
NEXT 
580 GOTO 610 
590 CC = VV X( 2
600 FOR LL = 1 TO CCI INPUT BUM I
NEXT
610 PRINT "NO OF POINTS"?N
620 FOR I = 1 TO N
630 INPUT X (I,JJ): INPUT Y(IrJJ)
IW( I r J J )  = 1 
640 PRINT X (I,JJ),Y (IfJJ)
650 NEXT
660 PRINT D$;"CLOSE" .*F$< JJ)
670 DEF FN A( B ) = INT <B * 1E6 
4 *5) /  1E6 
680 M := 1
690 PRINT "DEGREE OF FIT REQUIRE 
D=";M
700 HOME
710 PRINT I PRINT "WAIT FOR THE 
RESULTS"
720 FOR I = 1 TO NIC<1,1) = II NEXT 
730 Ml = M •{' 1
740 FOR J = 2 TO Mil FOR I = 1 TO
N
750 C(I,J) = C(I,J -  1) * X(I,JJ)
I NEXT I NEXT 
760 FOR I = 1 TO Ml: FOR J = 1 TO
Ml
770 A(I,J) = 01 FOR K = 1 TO N
730 A(I,J) =: A(I,J) + C(K,I) * C(
K,J) * W(K,JJ )I NEXT I NEXT 
I NEXT
790 FOR I = 1 TO Ml I B< 1,1) = 01 FOR 
K == 1 TO N 
800 B(I,1).= B(I,1) + C(K,I) * Y( 
K,JJ) * W(K,JJ)I NEXT I NEXT
310 FOR J = 1 TO M1IKA(J,3) = 01 
NEXT
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820 FOR I = 1 TO MIIXM = 0: FOR
J  ::: 1 TO  M l
830 I F  KA(.J,3) - ;l. = 0  T H E N  8 8 0
840 F O R  K := 1 T O  M i l  I F  KA( J r 3 )  -
1 =  0  T H E N  8 7 0  
850 I F  XM -  ABS ( A ( J , K ) )  >  =  0  
THEN 8 7 0
860 IR =  J Î I C  = K:XM =  ABS (A(J,
K )  )
3 7 0  N E X T  K
880 NEXT J
890 KA(IC,3> = KA(IC,3) f  1:KA(IC 
yl) = IR:KA(1,2) = ICI IF IR
- IC := 0 THEN 920
900 FOR IJ = 1 TO Ml IBM = A(IR,I 
J)IA(IR,IJ) = A( ICrlJ)
910 A(IC,IJ) =  DM I N E X T  I J  
9 2 0  P  =  A(IC,IC)IA(IC,IC) =  1 
930 FOR I J  =  1 T O  M 1 I A ( I C , I J )  =
A ( I C , I J )  /  P I  N E X T  I J
940 FOR I K  =  1 T O  Mil I F  I K  -  I C
=  0  THEN 9 3 0  
9 5 0  Z = A(IK,IC)IA(IK,IC) = 0  
9 6 0  FOR I J  =  1 T O  M 1 I A ( I K , I J )  =
A ( I K , I J )  -  A(  I C , I J )  *  Z 
9 7 0  N E X T  I J  
9 8 0  NEXT I K  
9 9 0  N E X T  I
1 0 0 0  F O R  I  := 1 T O  M i  I K  =  M l  4  1 -  
I
1 0 1 0  I F  K A ( K , 1  ) -  KA(K,2) = 0 G O T O  
1050
1 0 2 0  I R  =  K A ( K , 1 ) I I C  =  K A ( K , 2 )
1 0 3 0  F O R  I J  =  1 T O  M l  I B M  =  A d J ,  
I R ) I A ( I J , I R )  =  A d J y I O I A d J  
,10) = DM 
1040 N E X T  I J
1050 N E X T  I
1 0 6 0  P R I N T
1070 FOR I = 1 TO M l l C d , ! )  = 0 1
FOR K =  1 T O  M l
1080 C d , l  ) =  C (  1 , 1 )  4  A d , K )  *  B 
( K , 1 ) I  N E X T  I NEXT 
1 0 9 0  I F  P R  =  1 THEN P R #  1 
1 1 0 0  PRINT "COEFFICIENTS O F  P O L Y  
NOMIAL"
1110 PRINT I PRINT I F O R  I = 1 TO 
M i l  PRINT "A"I - i ; " =  "C d ,l  
)I NEXT 
1120 PRINT
1130 PA( JJ ,0 ) = C ( 1 , 1 ) I P A (  J J , 1 )  = 
C(2,l)
1140 PRINT "DO YOU WANT T O  SEE T 
H E  RESULTS"
1150 INPUT "(Y/N)?";R$
1160 IF R$ = "Y" THEN 1180 
1170 IF R$ = "N" THEN 1290 
1180 PRINT "X"*, TAB< 8)?"W"?
1190 PRINT TAB< 1 5 ) ? " Y " ?  T AB (  2  
0 )?
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1 2 0 0  PRINT " Y ( C A L *  )% T A B (  3 1 ) ; "  
% D E V "
1 2 1 0  F O R  I  = . 1  TO  NIYC =  0 1  F O R  
J  = 1 T O  MIIYC = YC 4  C < J , 1 )
* X( I ,J J )  f ( J -  1)
1 2 2 0  Y C  = F N  A(YC):X( I ,J J )  = FN 
A(X( I,.JJ))
1230 Y (I ,J J )=  FNA(Y(I,JJ)):W(I 
y J J )  =  F N  A(  W( l y J J ) )
1240 NEXT
1250 P E  = ABS ( Y ( X , . J J )  -  Y C )  /  Y 
( I , J J )  *  l O O I P E  =  I N T  ( P E  *
1 0 0  4  * 5 )  /  1 0 0  
1 2 6 0  P R I N T  X ( I , J J ) ;  T A B (  8 ) ; W (  I ,  
JJ) ;
1 2 7 0  P R I N T  T A B (  1 0 ) ; Y ( I , J J ) ;  T A B (  
2 0 ) ? Y C
1280 P R I N T  TAB' :  30);PE: N E X T
1290 JJ = JJ 4 1
1300 IF JJ > 2 THEN 1320
1 3 1 0  G O T O  4 7 0
1320 T X  =  ( P A ( i r O )  -  P A ( 2 r O ) )  /  ( 
PA(2,1 ) - P A (  1 , 1 ) )
1 3 3 0  T X  = I N T  (TX * 1000 4  *5) /  
1000
1 3 4 0  T Y  = (PA( 1,0) * PA(2,1) -  P A  
( 2 , 0 )  * PA(1,D) /  (PA(2,1 ) - 
P A (  1,1))
1350 TY = I N T  ( T Y  * 1E6 4  *5) /
1 E 6
1360 M =: PA(2,1 )
1 3 7 0  H == INT ( M  * lElO 4  * 5 )  /  1
E l O
1380 PRINT I P R I N T  "TX=";TXI PRINT 
Î PRINT "TY=";TY: PRINT I P R I N T  
"TO=";TO 
1390 T = TX -  TO
1400 T = INT ( T  * 1 0 0 0  4  * 5 )  /  1
000
1410 P R I N T  Î PRINT "TIME L A G = " ; T
1420 B := L T 2 /  ( 6 * T )
1 4 3 0  D = I N T  ( D  * 1E12 4  * 5 W  1
£12
1440 PRINT : PRINT " D I F F U S I O N  CO 
EFICIENT=»;D 
1450 PRINT Î PRINT "PERMEABILITY
=";m
1460 PRINT : INPUT " D O  YOU WANT 
L I N E A R  F I T  A G A I N ? " ; C $
1470 I F  C $  = " Y "  THEN 70
1480 I F  C $  = " N "  T H E N  1 4 9 0
1490 PRINT Î INPUT "DO YOU WANT 
T O  SAVE R E S U L T S ? " ; A $
1500 IF A$ = "Y" THEN 1530
1510 I F  A $  := " N "  THEN 1 6 3 0
1520 CHR$ (4)





1 5 4 2  PRINT D $ ; " D E L E T E " ? F $ " * A " J J  
1 5 4 5  PRINT D $ ;  " O P E N "  ? F $ "  * A " J J ;  "
D2"
1 5 5 0  P R I N T  D $ ; " W R I T E " ; F $ " * A " J J  
1 5 6 0  P R I N T  T  
1 5 7 0  P R I N T  M 
1 5 8 0  PRINT D
1 5 9 0  PRINT D $ y " C L O S E " , F $ " * A " J J  
1600 REM
1 6 1 0  REM * * * X - Y  C O - O R D I N A T E S # *
1620 REM
1625 PRINT " I N P U T  X - V A L U E S  TO DR 
AW L I N E S "
1626 PRINT " F O R  F I T # 1  & FIT*2"
1630 F O R  J J  = 1 TO 2
1640 FOR S = 1 TO 2 
1 6 5 0  PRINT : PRINT " X X " r S ?
1 6 6 0  INPUT XX(S)I N E X T  
1 6 7 0  S  S  -  1 
1680 FOR E = 1 TO S 
1690 YY(E) = XX(E) * PA( JJ ,1) 4  P  
A(  J J r O )
1700 PRINT XX( E ): PRINT YY(E)
1 7 1 0  N E X T
1 7 7 0  D $  =  C H R $  ( 4 )
1730 E = E -  1 
1790 NN = E
1795 PRINT " F I L E  N A M E " :
1800 PRINT F$"*A"JJ
1 8 1 0  PRINT D $ ? " O P E N " r F $ " * A " J J y " ,
D 2 "
1 3 1 2  PRINT D $ ; " D E L E T E " ; F $ " * A " J J  
1815 PRINT D $ ; " O P E N " , F $ " * A " J J y " ,
D 2 "
1820 P R I N T  D$y"WRITE"yF$"*A"JJ 
1 8 3 0  PRINT N N :  F O R  I  =  1  TO  N N :  PRINT 
X X ( I ) :  PRINT YY( I ): NEXT 
1840 PRINT D $ y " C L O S E " y F $ " * A " J J  
1845 N E X T  J J
1 8 5 0  INPUT " A N Y  O T H E R  F I L E  T O  WR 
ITE(Y/N)?"yA$
1860 IF A$ = "Y" THEN 1630 




1905 DIM X < 2 6 0 , 4 ) , Y ( 2 6 0 , 4 ) y N ( 4 )
1910 SN = 3: REM SIZE OF CHARACT 
ERS
1920 MK = 1: REM POINT SYMBOLS
1930 ZK = 4: REM MARK SIZE
1 9 4 0  DR  = 1 :  REM POINTS T O  BE J O
I NED
1 9 5 0  DR = 0 :  REM POINTS DO NOT B
£  J O I N E D
1960 BR = 1: REM PITCH OF BROKEN 
LINE 
1970 LIST 1540 
1980 B D = 1 :  REM DRAW B O R D E R
1990 BD =  0 :  REM NO BORDER T O BE
DRAWN
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2000 PM = 2000: REM LIMIT TOP LI 
NE
2010 LM =■• 250: RÉM LIMIT BOTTOM 
LINE
2020 GL = 40 : REM LENGTH OF GRAT 
ICS
2030 SU ••= 50: REM SPACE BETWEEN 
TOP TITLE AND MARGINE LINE
2040 SX = 150: REM SPACES BETWEE
N X-Y TITLES AND AXES LINES 
2050 CS = 3: REM SIZE OF NUMERIC 
AL NUMBERS ON X-Y CO-ORDIMAT 
ES
2060 TL = 25: REM LENGTH OF TITL 
ES
2070 XO = 350:XM = 1850
2030 YO = 300:YM = 1500
2090 D$ = CHR$ (4)
2110 REM
2120 REM m  TITLES Ut 
2130 REM
2140 GQSUB 2660: INPUT "TITLES F 
OR THE GRAPH ( Y/N ) ? ";B$ 
2150 IF B$ = "N" THEN 2390
2160 IF B$ = "Y" THEN 2180
2170 IF B$ < > "Y" OR B$ < > "
N" THEN 2140 
2180 COSUB 2660
2190 PRINT "TITLE FOR TOP MARGIN
2200 PRINT : INPUT "? ";T$
2210 IF T$ := OR LEN (T$) > T
L THEN 2180 
2220 GOSUB 2660: PRINT "TITLE FD 
R X-AXIS "
2230 PRINT : INPUT "? ",X$
2240 IF X$ = "" OR LEN (X$) > T
L THEN 2220 
2250 GOSUB .2660: PRINT "TITLE FO 
R Y-AXJS" .
2260 PR&r \  j.NPUT "? ":Y$
2270 IF Y$ := "" OR LEN ( Y$) > T
L THEN 2250 
2280 GOSUB 2660: PRINT "SIZE OF 
CHARACTERS(0-15)"
2290 PRINT : PRINT "SUITABLE SIZ 
E=3)"
2300 INPUT "YOUR CHOICE?"dS 
2310 IF SN < 0 OR SN > 15 THEN 2 
280 
2320 TP = 1 
2330 PP = 1
2340 IF J = 1 THEN DR == 0 
2350 IF J = > 2 THEN DR == 1 
2360 REM
2370 REM * #  CO-ORDINATES # *  
2380 REM
2390 GOSUB 2660: PRINT "MATHEMAT
ICAL CO-ORDINATES"
2400 PRINT : PRINT "XMINrXMAX,YM 
INfYMAX"
2410 PRINT : INPUT "ENTER ? "JXS 
,XB,YS,YB 
2420 REM
2430 REM * #  X-Y SEGMENTS *** 
2440 REM
2450 GOSUB 26601 INPUT "GRATICUL 
ES (Y/N) ? "m 
2460 IF B$ = "N" THEN 2520
2470 IF B$ = "Y" THEN 2490
2430 GOTO 2530 
2490 AX = 1
2500 PRINT : INPUT "NO OF GRATIC 
S ON X-AXIS ? ")GX 
2510 PRINT : INPUT "NO OF GRATIC 
S ON Y-AXIS ? ";GY 
2520 HOME : VTAB 5 
2530 INPUT "NO OF PLOTS"?NP
2540 FOR I = 1 TO NP: PRINT
2550 PRINT "FILE NAME'SIÎ 
2560 INPUT "?";NM$(I): NEXT 
2570 J == 1
2580 PRINT D$Î "OPEN"?NM$(J))",D2
2590 PRINT D $ ?"R E A D " ? NM$(J )
2600 INPUT N:N( J  ) == N 
2610 FOR I = 1 TO N 
2 6 2 0  INPUT X ( I , J ) :  INPUT Y ( I , J )  
2630 N E X T
2 6 4 0  PRINT D $ Î"CLOSE"ÎN M $ ( J )
2650 G O T O  2 7 0 0
2660 HOME : VTAB 10: RETURN
2670 REM
2 6 3 0  REM SCALING ttt 
2690 REM
2 7 0 0  P R I N T  :  P R I N T  " X  
Y "
2 7 1 0  F O R  I = 1 TO N: PRINT X ( I , J  
),Y (I,J): NEXT
2 7 2 0  J  =: J  4  1
2730 I F  J  <  =  N P  THEN 2580
2 7 4 0  FOR J = 1 TO NP
2750 N = N(J)
2 7 6 0  DX = XM - XO:DY = YM -  YO
2 7 7 0  FOR I  := 1 T O  N
2780 XQ = (X(I,J) -  XS) /  (XB - X
S)
2 7 9 0  YQ = ( Y ( I , J )  - YS) /  ( YB - Y 
S)
2800 X(I,J) = XO 4 DX * XQ
2810 Y ( I , J )  = YO 4  DY * YQ
2820 N E X T
2830 DR 0 THEN 2840 
0 THEN 29502840 IF MK 
2850 REM
2860 REM *** MARK POINTS #**
2870 REM
2880 FOR I ::= 1 TO N 
2890 XZ = X(I,J):YZ = Y (I,J): GOSUB 
4120
2900 GOSUB 4180 : NEXT 
2910 IF DR 0 THEN 2990
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2920 REM
2930 REM * #  DRAW CURVE ****
2 9 4 0  REM 
2950 N N -  1 
2 9 6 0  F O R  I  =  1 T O  H 
2 9 7 0  XZ = X(I,J):YZ = Y(I,J): GOSUB 
4130 
2980 NEXT
2 9 9 0  B R  = 0 Î  GOSUB 4150
3 0 0 0  DR  =  1
3010 NEXT 
3020 REM
3030 REM *** DRAW BORDER 
3040 REM 
3050 BD = 0
3060 XZ = XO:YZ = YO: GOSUB 4120
3070 YZ = YM: GOSUB 4130
3 0 3 0  XZ = X M :  GOSUB 4130
3090 Y Z  = YO: GOSUB 4130
3100 XZ = XO: GOSUB 4130
3110 I F  AX = 0  THEN 3470
3120 REM
3130 REM *** DRAW SEGMENTS ***
3140 REM
3150 JX = DX /  GX
3160 J Y  = DY /  GY
3 1 7 0  F O R  I  = XO 4  J X  T O  XM - J X  STEP 
J X
3180 YZ = YO:XZ = I: GOSUB 4120 
3190 YZ = YO 4 GL: GOSUB 4130: NEXT
3200 FOR I = XO 4 J X  T O  XM -  J X  STEP 
J X
3 2 1 0  YZ  = YM:XZ = I :  GOSUB 4120 
3 2 2 0  YZ = YM - GL: GOSUB 4130: N E X T
3230 F O R  I  = YO 4 J Y  T O  YM -  J Y  STEP 
J Y
3 2 4 0  X Z  = X O : Y Z  =  I :  GOSUB 4120 
3 2 5 0  X Z  =  XO 4  G L :  GOSUB 4130: N E X T
3 2 6 0  FOR I = YO 4 J Y  T O  YM -  J Y  STEP 
J Y
3270 XZ = XM:YZ = I: GOSUB 4120 
3 2 8 0  X Z  =  XM -  G L :  G O S U B  4130: NEXT
329 0 REM
3300 REM *** WRITE SCALES # *
3310 REM
3 3 2 0  SN = CS:QR = 0 :  GOSUB 4170: GOSUB 
4190
3 3 3 0  UN = ( CS 4  1 ) * 7
3 3 4 0  WX = ( XB - XS) /  GX:WY = ( YB
-  Y S )  /  GY 
3350 KK = XS
3360 FOR I = XO TO XM STEP JX
3370 A $  = STR$ ( K K ) : L N  = LEN ( A
$) * UN
3380 YZ = YO - 50:XZ = I -  LN /  2
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3 3 9 0  G O S U B  4 1 2 0 î GOSUB 4 1 4 0  
3 4 0 0  KK =  KK 4  W X :  N E X T  
3410 KK = YS
3 4 2 0  F O R  I  == YO T O  YM STEP J Y  
3 4 3 0  A $  =  S T R $  ( K K ) : L N  =  L E N  ( A 
$ )  *  UN 4  2 0
3 4 4 0  X Z  =•• XO -  L M : Y Z  =  1 - 1 0 :  g o s u b
4 1 2 0
3 4 5 0  G O S U B  4140 
3460 KK = KK 4  W Y :  N E X T  
3 4 7 0  IF TP = 0  THEN 4040 
3 4 8 0  REM
3 4 9 0  R E M m  W R I T E  TITLES ***
3500 REM
3510 SN = TS: GOSUB 4170
3520 UN = 7  ;{< ( SN 4 1 )
3 5 3 0  A $  =  T $ : L N  =  ( L E N  ( A $ )  *  UN
) /  2
3540 XZ  =  XO 4 DX /  2  -  L N : Y Z  =  Y 
M 4 SU
3550 GOSUB 4120: GOSUB 4140 
3560 A$ = X $ : L N  = ( L E N  ( A$) * UN 
) /  2
3 5 7 0  X Z  = XO 4 DX /  2 -  LN:YZ = Y 
0 -  SX
3 5 8 0  G O S U B  4120: GOSUB 4140 
3 5 9 0  A $  = Y$:LN = L E N  ( A $ )
3 6 0 0  I F  LN  > 2  THEN QR = 1
3 6 1 0  L N  = (LN * U N ) /  2
3 6 2 0  X Z  = XO - SX:YZ = YO 4  DY /
2  -  L N
3 6 3 0  GOSUB 4190: GOSUB 4120: G O S U B  
4140
3640 J F  P P  = 0  THEN 4 0 4 0  
3650 REM
3660 REM ***WRITE DETAILS*#
3670 REM
3 6 8 0  P R I N T  : INPUT " D O  YOU WANT 
MORE DETAILS(Y/N)?"yA$
3 6 9 0  I F  A$ = " Y "  THEN 3 7 1 0
3 7 0 0  I F  A$ = " N "  T H E N  3940
3 7 1 0  D $  =  C H R $  ( 4 )
3720 PRINT : INPUT " F I L E  NAME?";
B $
3 7 3 0  PRINT B $ ; " 0 P E N " ? B $ ; " , D 2 "
3740 PRINT D$;"READ " ,B$




3790 P R I N T  D$ ? " CLOSE" B$
3800 GOSUB 4170
3810 A$ = STR$ (T)
3320 A $  = " T I M E  LAG=" 4 A$:LA = LEN
< A$ )
3830 XZ = XO 4 DX 4  L A  4  10:YZ =
YO 4 DY -  2 0 0
3840 GOSUB 4120: GOSUB 4140 
3850 A$ = STR$ (M)
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3860 A$ = "PERMEAB* = " 4 A$:LB == LEN 
( A$ )
3870 XZ = XO 4 DX 4 LB 4 lOtYZ =
YO 4 DY -  300
3880 GOSUB 4120: COSUB 4140 
3890 A$ = STR$ (D)
3900 A$ = "D=" 4 A$:LC = LEN < A$
)
3910 XZ = XO 4 DX 4 LC 4 10:YZ =
YO 4 DY -  400
3920 GOSUB 41201 GOSUB 4140
3930 HOME I VTAB 10
3940 INPUT "INITIAL TIM£="?XX 
3950 XE = ( XX - XS) /  ( XB -  XS)
3960 PRINT : INPUT "DO YOU WANT
THE TIME AT THE ' 1 ' BOTTOM OR ■ 
'2'T0P?";S 
3970 IF S = 1 GOTO 3990
3980 IF S = 2 GOTO 4020
3990 YZ = YOÎXZ = XO 4 DX * XE: GOSUB 
4120
4000 YZ =•• YO 4 160: GOSUB 4130 
4010 GOSUB 4200: GOTO 4060
4020 YZ = YM:XZ = XO 4 DX * XE: GOSUB
4120
4030 YZ = YM -  160: GOSUB 4130 
4040 GOSUB 4200 
4050 HOME : VTAB 10 
4060 PRINT : INPUT "DO YOU WANT 
MORE PLOT( Y/N)?"?A$
4070 IF A$ = "Y" THEN 2140
4080 IF A$ = "N" THEN 70
4090 IF A$ < > "Y" OR A$ < > "
N" THEN 4100 
4100 END
4110 REM # *  DIGI-PLOT ROUTINE 
S ttt
4120 PR# 1: PRINT D$;"M" INT (XZ 
INT (YZ): GOTO 4210 
4130 PR# 1: PRINT D$;"D" INT (XZ 
INT (YZ): GOTO 4210 .
4140 PR# 1 : PRINT D$.)"P";A$: GOTO 
4210
4150 PR# 1: PRINT D$;"L";BR: GOTO 
4210
4160 PR# 1 : PRINT D$;"B";BN: GOTO 
4210
4170 PR# 1: PRINT D$;"S";SN: goto 
4210
4180 PR# 1: PRINT D$;"N";MK: GOTO 
4210
4190 PR# 1: PRINT D$;"Q"yQR: GOTO 
4210
4200 PR# 1: PRINT B$;"H": PR# 0 
4210 PR# 0: RETURN
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APPENDIX A . 7.6
The ana lys is  may be  made u s in g  th e  method of Laplace t r a n s ­
forms ( 1 )  b u t  fo r  th e  p u rp o s e s  of comparison with th e  in fin ite  volume 
method th is  tre a tm en t is b a se d  upon th e  u se  of n o n -o r th o g o n a l  sine s e r ie s .  
T he  b o u n d a ry  cond itions  a re
a t  X = 0, c = c° , fo r  t  0
a t  X = (oAD/V) ( ô c /ô x )  = ( ô c / ô t )
w here V is th e  fin ite  volume of th e  collecting v e sse l .
In  th is  t re a tm en t th e  co ncen tra tion  s tep  is ta k en  as be ing  from 
zero to c° . ( I t  is  easily modified to deal with s te p s  from n o n -ze ro  
c o n c e n tra t io n ) . For a fin ite  volume th e  time in v a r ia n t  s ta te  is equilibrium 
when the  concen tra tion  in th e  collecting volume will b e  cP , Assum ing 
P ick 's  second  law th e  co ncen tra tion  in th e  collecting volume, c , is given 
by  e q n . A. 7. 6 .1 .
c = c° + J  A sin(X & )exp(-X^Dt) A . 7 .6 .1
n = 0 , l , 2  ^  ^  ^
in which is th e  roo t of th e  t ra n sc e n d e n ta l  equa tion :
X^sin(X^£) = pcos( X^ &) A. 7 .6 .2
w here p = oA/V.
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Since th e  initial concen tra tion  is zero , t  = 0, we have  th a t
I  A sin(X x) = -c°
n = 0 ,1 , 2 . . .  ^  ^  fo r  x  = 0 to ^
Using th is  method of Peek  (2) the  va lues  of A^ were found  to be:
- 2 c ° ( p ^  + xb
A = --------- 5------ 2=------  n = 0 , l , 2 . . .  ( A . 7 .6 .3 )
”  + Up + p )
From eqn s .  (A .7 .  Q. 1) an d  (A . 7. 6. 3) th e  concen tra tion  in th e  collecting 
vesse l now becomes e q n . ( A .7 .B .4)
00 2(p^+A^)sin( X Jl)exp(-X^Dt)
C = C° -  C° I   S _ ------------------- ( A . 7 . 6 . 4)
n = 0 ,1, 2 . . .  ( 5,X  ^ + &p + p) X^
As th e  experim en t p ro ceed s  and  time in c re a s e s ,  te rm s in X^, with n ^ 1, 
will rap id ly  decay .
In  o rd e r  to employ th e  linear ex trapo la t ion  p ro c e d u re s  of th e  infin ite  
volume so lu tion , it  is n e c e s sa ry  to obtain th e  limiting conditions  in which 
th e  d iffe ren ces  be tw een th e se  two a re  accep tab ly  small.
T he  f i r s t ,  e q n .  (7 - 4 ) ,  r e q u i r e d  cxA£/V = p& << 1. U n d er  th is  
condition te rm s with o rd e r s  g re a te r  than  u n ity  in p £  may b e  n eg lec ted .
E qn . (A. 7. 6.2) may b e  re w r i t te n  as:
X^&tan( X^&) = p&
an d  ex p an d ed  as  a Maclaurin se r ies :
X i ( X  I  * (X 1 ) ^ / 3  + 2(X J,)^/15 + . . . )  = p i  o o o o ^
2
R e a r ra n g in g ,  to e x p re s s  ( X^il) as a polynomial in p £ ,  u s in g  s ta n d a rd  
formulae for rev e rs io n  of a s e r ie s .
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= (p  + h ig h e r  term s)
a n d  u s in g  th e  binomial theorem  e q n .(A .  7 .6 . 5) is obtained ,
-  pS/6) ( a ;7 .6 .5 )
gi vi ng
sin(X^ Jl)/X^  = £,( 1 - p5/6)
Subst itut ion  in eq n .  (A .  7 .6 .1 )  g iv e s  eqn..  (A .  7. 6.6)
2 (p ^ + [ p i - p \^ /3 ]  /7 ) i{ l -p i /6 } e x p ( -X  ^Dt)
c = c° -  c° ( --------------------------------------------------------------  (A . 7 .6 .6 )
2p( 1 + pi,/3)
2 2 For conditions  w here  X^ Dt «  1, e x p ( - X  ^ Dt) = 1-pDt/i,, (w hich  gives
th e  second  limiting condition , e q n .  (7 -7 ) .
On s u b s t i tu t io n  in e q n .  (A . 7. 6.6) th is  approxim ation g ives e q n . (A. 7. 6. 7) 
a f te r  some re a r ra n g e m e n t .
c = c ? [ p D / ( l ) ] ( t  -  J / 6 D )  
or ' (A .7 .6 .7 )
c = [A D a c ° /(V i) ] ( t  -  J / 6 D )
E qn . ( A .7 .6 .7 )  is iden tica l to th e  s tead y  s ta te  re la t io n sh ip ,  e q n .  (7-2) 
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A ppendix  8 1
Program  for C alculating th e  Diffusion C oeffic ient from Experim ental 
R esu lts
T he  program  w orks b y  s ta r t in g  w ith a d iffusion  coeffic ient which 
is  la rg e r  th a n  the  va lue  in ag reem ent with th e  experim en ta l r e s u l t s .  I t  
in s e r t s  th is  value along with th e  time t^ a t  w hich experim entally  th e  peak  
was o b se rv ed  into th e  equation  fo r  th e  co n cen tra t io n  of th e  fin ite  volume. 
This  equation  is from section  2.3.^^^
A K(l+i)& KÜ ÎK& icjt
Re{r-i -^____________  +  ^ G_________, e  -,
2K& 2iK& ^ Û 2K£ 2iK& ^  ^ ^e e  + 6  e e  + 9
w here  ( .  i)
8 =
V^ ü)
and  th e  o th e r  symbols have th e i r  u sua l m eaning.
I t / th e n  does th e  same fo r  a new time t^  = t^  + At an d  compares 
th e  tw o . If th e  in itia l D in p u t  is la rg e r  th a n  th e  t r u e  value of D then  
C(D^t^) will b e  g re a te r  th an  C ( D , t 2) ,  i . e .  we a re  in th e  reg ion
D is th e n  d ec rea sed  b y  a small amount and  th e  p ro c e ss  r e p e a te d  un til
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C (D ,t^ )  is le ss  th a n  C (D ,t^ )  a t  th is  po in t th e  va lue  of D will be  th e  value 
th a t  conforms to  th e  experim en ta l v a lu e .  Th is  g ives th e  c o r re c t  va lue  of 
D to within th e  s tep  value  a t  which D is d e c rea se d  each time an d  th is  is
made as  small as  accu racy  r e q u i r e s .  T he  d iffe rence  betw een t^  and  tg is
-2
also v e ry  small 10 s .
D uring  th e  ru n n in g  of th e  p rogram  th e  following will b e  a sk ed
fo r .
T he  D iffusion C o eff ic ien t; T h is  is an  estim ate  an d  m ust b e  g re a te r  th a n  th e  
2 -1rea l  va lue  (cm s ) .
T he  F r e q u e n c y : This  is 27t/T  w here  T is th e  p e r io d  of th e  oscillations
( r a d  s .
T he  Volume
T he  A rea  P u t  = 1 if no t known
T he D is tr ib u tio n  Coefficient
T he  T h ick n ess :  Which is th e  th ic k n e ss  of th e  membrane ( in  cm)
The Time: Th is  is  t^ ^ ^  as defined  in C h a p te r  8, F ig u re  (8-4)
A f i r s t  approxim ation to D can be  ob ta ined  b y  u s in g
^ a p p r o x
A lis t ing  of th e  ac tua l p rogram  is given on th e  n e x t  page, 
1. P . D oran , P h .D .  T h e s is ,  Glasgow U n iv e rs i ty ,  1985.
